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Sixteen years after the first published article in which the term “lipidomics” was stated [1], one of
the latecomers to the omics revolution has consolidated its position in the evolution of analytical
approaches in experimental biology and has conquered a specific niche in science. More than 3000
publications since the pioneering work by Han and colls. (colleagues) confirm that widespread
lipidomics research has become a reality, even if constituting a modest production as compared to that
of proteomics and genomics. As shown in Figure 1, the number of articles published on genomics and
proteomics seems to have plateaued since 2017, according to PubMed. Meanwhile, the “minor” omics
disciplines (transcriptomics, metabolomics, glycomics, and lipidomics) continue to grow exponentially
(Figure 1a). Lipidomics has undergone an explosion of publications since 2013 and continues to
experience a sustained and impressive growth (Figure 1b). Most strikingly, since the publication of the
last Special Issue on “Bioactive Lipids and Lipidomics”, in 2015, more articles have been published on
lipidomics than in the preceding twelve years (2003–2012) (Figure 1c).

Figure 1. (a) Number of listed publications in PubMed over time using the corresponding “omic”
discipline name as the keyword. (b) Number of listed publications in PubMed over time using
“lipidomics” as the keyword. (c) Comparison of the number of listed publications in PubMed using
“lipidomics” as the keyword during two periods of time, namely 2003–2015 and 2016–2018.

Int. J. Mol. Sci. 2019, 20, 3188; doi:10.3390/ijms20133188 www.mdpi.com/journal/ijms1
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The current special issue provides an instantaneous picture of the situation and witnesses the
place of lipidomics in terms of technological advances and fields of application, and hints about the
directions research may follow in the near future.

1. Technology

As a technology-driven discipline, the evolution of lipidomics is directly linked to that of the
associated technologies for the separation, detection, and identification of compounds. While analytical
approaches are consolidated and can be globally applicable to most omics, the specific technological
development presently resides in data processing and molecular networking analysis.

A particular challenge is still the identification and characterization of molecules. The combination
of mass spectrometry data with other technologies, such as optical rotation analysis and NMR [2],
provides functional and structural insight. Differential scanning calorimetry is utilized in the quality
control of lipid biomaterials [3].

The integration of different omics analyses has been one of the main challenges of global analysis
strategies. Stuani and colls. successfully combined proteomics and lipidomics to address fatty acid
metabolism in combination with stable isotope labeling [4].

Supercritical fluid chromatography, addressed in our 2015 special issue [5], is represented in
this new edition by a study in which it is applied to glycosphingolipid analysis [6]. In the same
study, this novel approach is combined with isotope labelling and high-performance thin layer
chromatography to scrutinize metabolic flux, showing the relevance of classic strategies. This is
also the case of GC-MS for fatty acid profiling (4). An alternative to the latter is the selective ion
monitoring-tandem mass spectrometry (SIM-MS/MS), used in this case for fatty acid analysis in
extracellular vesicles [7] and tissues [3].

Lipid imaging remains a promising field, and a cluster TOF-SIMS strategy is presented by Abbas
and colls. to detect lipid ions at the kidney glomerular scale [8].

As emerging technologies allow for increasing sensitivity of measurement, studies have to deal
with a larger number of variables, thus requiring a profound network analysis. This is being performed
with the help of software tools like MZmine [9], IDEOM [10], or online open source platforms,
like Cytoscape (https://cytoscape.org/). Databases like the one provided by the Dictionary of Natural
Products are of great help.

2. Applications

The expansion of lipidomics leads the discipline to conquering new areas. This includes non-global
studies targeting novel bioactive lipids.

The analysis of natural molecules is gaining importance. The need for new perspectives in
therapeutics or plague control is directly linked to technological advances. Thorough analyses of
new natural sources of bioactive molecules, such as endophyte products (as published by Barthélemy
and colls [9]), are highly valuable. The antimicrobial and insecticidal effects of lipoamino acids from
entomopathogens have also been characterized by Touré and colls [2]. Abnormal lipid metabolism
due to a frequent mutation in acute myeloid leukemia cells has been revealed by Stuani and colls [4].

The roles of lipid-containing supra-structures, like extracellular vesicles, are revolutionizing
concepts in cell biology and are also the foci of lipidomic scrutiny. Sagini and colls. analyzed the fatty
acid profiling of extracellular vesicles released by senescent cells and found that they are selectively
enriched in polyunsaturated and saturated chains, thus prompting intriguing hypotheses [7]. A similar
concept, but arising from prokaryote cells, is that of outer membrane vesicles, which play a role in the
pathogenic mechanisms of bacterial infections. Their lipidomic analysis has been addressed by Jasim
and colls. in Klebsiella pneumoniae, providing valuable information towards unveiling the mechanisms
of bacterial resistance to Polymyxin B [10].

Out of the pure lipidomic profiling, regulation of lipid metabolism is still an open field. Tian
and colls. addressed the molecular mechanisms governing lipid accumulation in trophoblast cells

2



Int. J. Mol. Sci. 2019, 20, 3188

via cell biology and molecular biology approaches [11]. The clinical side of sphingolipid metabolism
has been addressed in the article by Malekkou and colls. in which the activity of non-lysosomal
glucosylceramidase is evaluated in patients presenting mutations in the gene encoding the enzyme.

Novel synthetic lipids can modulate cell signaling. This is the case reported by Su and colls.
who described the effects of ursodeoxycholyl lysophosphatidylethanolamide on integrin signaling and
endocytic pathway [12].

The search for new biomaterials of therapeutic use is another goal of lipid-related studies.
One example is the successful development of a matrix for the oral administration of hydrophobic
compounds by Fratter and colls [3].

The six reviews included in this issue represent some of the main concerns of the community and
can provide clues towards current needs as well as future directions. In all cases, the point towards
biomedical topics. Public health issues, cancer, and cardiovascular disease are the foci of three of the
articles. Two of these reviews address the role of polyunsaturated-derived mediators in hematologic
malignancies [13], and the last review is related to the involvement of lipid metabolism modifications
in the pathogenesis of viral infection-induced cancers [14]. Solati and colls. lecture on the impact of
oxidative stress, in particular that of oxidized lipids on acute coronary disease [15]. The relevance
of lipidomics analysis in glomerulopathies, a group of rare kidney diseases, the usefulness of lipid
imaging, and the need for improved sensitivity and resolution is addressed by Abbas and colls [8].
A defective resolution of inflammation contributes to the pathogenesis of cystic fibrosis, another rare
disease. Philippe and Urbach indicate the state of the art of lipid mediators of resolution in the context
of this pathology [16]. Finally, Krivoi and Petrov review the functional role of cholesterol metabolism
in neuromuscular junction, a key aspect to understanding the physiology of synaptogenesis and neural
transmission, which has implications in motor disorders [17].

3. Future

Biomedical applications and clinical studies will benefit from analytical advances. Sensitivity
improvements must be reflected by a subtler research, evolving from total cell to subcellular approaches.
This may lead to the growth of “sublipidomics” as a branch of this discipline. Although the
pathophysiology of human diseases represents the mainstream and the bulk of research on bioactive
lipids and lipidomics, the search for new lipid base biomaterials and the roles and applications of
natural substances should gain momentum in the following years. The main technical challenge is still
the need to ensure accuracy in the identification of isomers, while the number of lipid molecules keeps
expanding. Biomarker research and clinical lipidomics will be highly impacted by these developments.
Also, MS imaging must progress in sensitivity and resolution to keep the pace and consolidate as a
complementary approach to high resolution microscopy. Finally, studies integrating different omics
disciplines are paving the path to a more global view and a better understanding of biological processes.

Conflicts of Interest: The authors have no conflict of interest to declare.
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Abstract: Cyclooxygenases (COXs), including COX-1 and -2, are enzymes essential for lipid mediator
(LMs) syntheses from arachidonic acid (AA), such as prostaglandins (PGs). Furthermore, COXs
could interplay with other enzymes such as lipoxygenases (LOXs) and cytochrome P450s (CYPs)
to regulate the signaling of LMs. In this study, to comprehensively analyze the function of COX-1
and -2 in regulating the signaling of bioactive LMs in skeletal muscle, mouse primary myoblasts and
C2C12 cells were transfected with specific COX-1 and -2 siRNAs, followed by targeted lipidomic
analysis and customized quantitative PCR gene array analysis. Knocking down COXs, particularly
COX-1, significantly reduced the release of PGs from muscle cells, especially PGE2 and PGF2α,
as well as oleoylethanolamide (OEA) and arachidonoylethanolamine (AEA). Moreover, COXs could
interplay with LOXs to regulate the signaling of hydroxyeicosatetraenoic acids (HETEs). The changes
in LMs are associated with the expression of genes, such as Itrp1 (calcium signaling) and Myh7
(myogenic differentiation), in skeletal muscle. In conclusion, both COX-1 and -2 contribute to LMs
production during myogenesis in vitro, and COXs could interact with LOXs during this process.
These interactions and the fine-tuning of the levels of these LMs are most likely important for skeletal
muscle myogenesis, and potentially, muscle repair and regeneration.

Keywords: Cyclooxygenase; skeletal muscle; myogenic differentiation; lipidomics

1. Introduction

Skeletal muscle myogenesis, such as muscle regeneration after injury, is a biological process
critical for maintaining a functional musculoskeletal system. Myogenesis generally consists of several
consecutive stages, including activation of satellite cells, proliferation of myoblasts, myogenic
differentiation, and fusion into multinucleated myocytes that can later become fully mature and
long, differentiated muscle cells, sometimes referred to as muscle fibers [1]. This process is highly
coordinated, and many factors have been shown to be involved in the regulation of myogenesis [2].

Prostaglandins (PGs) are a group of lipid mediators (LMs) playing important roles in various
physiological and pharmacological processes, such as fever, inflammation, reproductive function,
tissue regeneration, and myogenesis [3–6]. In skeletal muscle, PGE2 and PGF2α, are the two most
important PGs. PGE2 has been shown to enhance myoblast proliferation and differentiation [4,7],
and PGF2α is able to promote muscle cell survival and fusion [8,9].

PGs are derived from arachidonic acid (AA) through the activities of a series of specific enzymes.
Cyclooxygenases (COXs), including COX-1 and -2, are the rate-limiting enzymes during this process.
Generally, COX-1 is constitutively expressed in most cells, while COX-2 is inducible in a variety of
pathological situations, such as inflammation and cancer development [10,11]. In skeletal muscle,
the knowledge of COXs derives mostly from the studies of COX-2. In muscle repair or regeneration

Int. J. Mol. Sci. 2019, 20, 4326; doi:10.3390/ijms20184326 www.mdpi.com/journal/ijms5
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models, COX-2 knockout mice had delayed recovery from muscle injury, suggesting that COX-2 and
the downstream PGs from this pathway could be important in regenerative myogenesis, especially
in the early inflammatory phase of muscle regeneration for activation of neutrophils, macrophages,
and satellite cells [12,13]. However, in this model, the roles of COX-1 and -2 in myogenic processes after
the inflammation phase have not been defined. Moreover, in the hind limb suspension mouse model,
the induction of COX-2 is essential for muscle recovery from the atrophy caused by unloading [14].

In addition to COXs, AA is also the substrate for lipoxygenases (LOXs) [15] and cytochromes P450
(CYPs) [16]. The metabolites via these two pathways include leukotrienes and hydroxy eicosatetraenoic
acids, which are biological activators of intracellular signaling [17,18]. To our knowledge, the interactions
between COXs, LOXs, and CYPs have not been studied in skeletal muscle. The changes in the
functionalities of COXs would cause indirect effects resulting in modified activities of LOX and/or CYPs.

In this study, we investigated the functional relevance of COX-1 and -2 in myogenesis from
myoblasts to the development of multi-nucleated myotubes in both C2C12 cells and mouse
primary myoblasts. Since selective inhibitors of COX could reduce the production of PG through
COX-independent pathways and could be unselective under certain conditions [19], in the present
studies, specific siRNAs for COX-1 and -2 were used to evaluate the effects of COX-1 and -2 on
myogenic differentiation. We employed our novel liquid chromatography-mass spectrometry/mass
spectrometry (LC-MS/MS) method and a AA-targeted lipidomics method package, which is able
to detect 87 compounds derived from AA, 18 eicosapentaenoic acid (EPA)-derived compounds,
16 docosahexaenoic acid (DHA)-derived compounds, and 11 ethanolamides for evaluating the changes
in lipid profiling after knocking down COX-1 and -2 during myogenesis. In addition, based on the
morphological changes induced by siRNA treatments, a customized skeletal muscle-targeted gene
array [4] was used to identify genetic components regulated by COXs and LMs. We further linked
these studies with functional measurements of intracellular calcium levels in myotubes, which is an
essential surrogate for a host of skeletal muscle functions. Our results demonstrate that knocking down
COXs has a significant effect on the synthesis of PGs in skeletal muscle cells. However, they function
in a complex LM network not limited to PGs and have significant impacts on the levels of other LMs,
such as oleoylethanolamide (OEA) and arachidonoylethanolamine (AEA), which are potentially new
factors released from muscle for systemic metabolic regulation. Moreover, COXs play an important role
in the regulation of gene expression of contractile apparatus and Ca2+ signaling, such as Myh7, Cacna1s,
and Itrp1, which can be reflected in the changes observed in morphological and functional tests.

2. Results

2.1. Transfection with Specific siRNAs Targeting COX-1 or -2 Significantly Reduce the Expression Levels
of COXs

Two siRNAs specific for each COX were transfected into primary myoblasts. Forty-eight hours
after transfection, the total RNA was collected for quantitative RT-PCR to determine the changes in
COX expression level. For each gene, both siRNAs efficiently decreased gene expression (Figure 1A,B).
Since the siRNA-2 of COX-1 and -2 had higher levels of knockdown efficiencies, resulting in 97.2% and
79.3% downregulation of COX-1 and -2, respectively, compared with negative control (NC), they were
used for all remaining experiments. In addition, the protein levels of COX-1 and -2 were shown around
55% reduction at 48 h post transfection with COX-1 or -2 siRNA (Figure 1C–F). Completed Western
blot images are shown in supplementary Figure S1.

After 48 h transfection with COX-1 or -2 siRNA, significant morphological changes were observed
in myotubes (Figure 1G). Quantified myogenic differentiation data showed that fusion index was
reduced from 79.6% (NC) to 49% (COX-1 siRNA) and 45.4% (COX-2 siRNA), respectively (Figure 1H).
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Figure 1. Verification of the high efficiency of COX-1 and COX-2 siRNA knockdown. (A) Knockdown
efficiency of siRNAs targeting COX-1; (B) knockdown efficiency of siRNAs targeting COX-2; (C) COX-1
Western blot results after siRNA transfection for 48 h; (D) quantification of COX-1 Western blot results
using ImageJ; (E) COX-2 Western blot results after siRNA transfection for 48 h; (F) quantification of
COX-2 Western blot results using ImageJ; and (G) both COX-1 and COX-2 siRNA transfections inhibit
primary myoblast myogenic differentiation. Morphological phenotypes observed after transfections
with siRNAs. a: Negative control; b: COX-1 siRNA; and c: COX-2 siRNA. (H) Treatments with siRNAs
significantly reduces fusion index. n = 3–4, ** p < 0.01 compared with NC.
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2.2. The Changes in Levels of Lipid Mediators after Knocking Down COX-1 or -2 Are not Limited to PGs and
Thromboxane B2 (TXB2)

To investigate the mechanisms responsible for the effect of COXs in skeletal muscle myogenesis,
we first used our new lipidomics method to directly quantify 14 LMs selected from our preliminary
studies, mostly AA metabolites through COX and other enzymes in cell differentiation medium (DM).
Compared with blank medium, after differentiation for 72 h, the levels of PGE2, PGF2α, 6-keto-PGF1α

(stable metabolite of PGI2), DHA, and OEA in the medium increased significantly, suggesting that
these LMs were released from myocytes/myotubes. We then further analyzed the effect of COXs
on their production. Knocking down COX-1 using siRNA significantly reduced the levels of PGE2

and PGF2α compared with NC, but had no significant effect on the levels of 6-keto-PGF1α. At the
same time, knocking down COX-2 also showed a similar impact on PGE2 levels, but the effect was
significantly less than knocking down COX-1. In addition to changes in LMs in AA pathway, COX-1
knockdown significantly reduced the concentration of DHA and OEA in the DM after 72 h (Figure 2).
These data demonstrate that the functions of COXs are not limited to regulating the production of PGs
from AA. The whole list of LMs identified in these experiments, including LMs with lower levels after
72 h differentiation compared with blank medium (LMs could be consumed by myocytes/myotubes
during differentiation), is summarized in supplementary Figure S2.

Figure 2. COX-1 and -2 knockdown reduces the levels of key lipid mediators released by primary
muscle cells. (A) Absolute quantification of lipid mediators (LMs) released in differentiation medium
(DM) from primary mouse myocytes/myotubes during differentiation; (B) ratio of LMs released in DM
at 72 h post-transfection comparing COX-1 siRNA or COX-2 siRNA treatment with NC transfection.
n = 3, * p < 0.05 and ** p < 0.01 compared with NC; # p < 0.05 compared with COX-1 siRNA.

2.3. COXs could Interact with LOXs to Regulate the Levels of Lipid Mediators

In addition to direct quantification for lipid mediators, lipidomic profiling of 158 lipid mediators
in DM also was performed. Our results indicate that the levels of 12-Hydroxyeicosatetraenoic acid
(12-HETE), a lipid mediator derived from the 12-LOX pathway, and 15-HETE, a lipid mediator derived
from the 15-LOX pathway, significantly decreased after siRNA transfection targeting both COX-1 and
-2. In contrast, the levels of 5-HETE, a lipid mediator derived from the 5-LOX pathway was not affected
(Figure 3).
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Figure 3. Knockdown of COXs reduces the levels of hydroxyeicosatetraenoic acids (HETEs) released
by primary muscle cells. The levels of 12-HETE and 15-HETE, but not 5-HETE are significantly affected
by the downregulation of gene expression of both COX-1 and COX-2. n = 3, * p < 0.05 and ** p < 0.01
compared with NC.

2.4. Supplement with LMs Improves Defective Myogenic Differentiation of Primary Myoblast Caused by
Knocking Down COX-1 or -2

Based on the results of lipidomic analysis, to confirm that the effects on myogenic differentiation
after knocking down COX-1 and -2 were through decreasing the production of LMs, three LMs,
including PGE2, 12-HETE, and 15-HETE, were selected to determine whether replenishment with
these LMs could improve defective myogenesis following transfection with siRNAs. Our results
indicated that co-treatment with PGE2 or 15-HETE, but not 12-HETE, partially recovered the inhibition
of both siRNAs used against COX-1 or -2 on myogenic differentiation. The fusion indexes increased
significantly from 49% to 56.1% and 58.3% in culture treated with COX-1 siRNA, and from 45.4% to
59.8% and 62.3% in the COX-2 siRNA treated group, respectively. However, neither PGE2 nor 15-HETE
brought the fusion index back to normal (negative control) level (Figure 4).

2.5. Results of Lipidomic Analysis of C2C12 Cells Show Similar Patterns as Primary Myoblasts

Following the studies of primary myoblasts, lipidomic analysis was performed in C2C12 cells.
Since it is relatively easy to reach cell numbers high enough for reliable lipidomic analysis in C2C12
cell culture, we performed lipidomic studies in both cell culture media and cells.

In C2C12 cell culture media, similar to the results obtained in mouse primary myoblast cultures,
PGs from the AA pathway, including PGE2, PGF2α, and 6-keto-PGF1α (PGI2), were released from cells
into media. In addition, AEA and OEA also were identified as LMs released by myocytes/myotubes
during differentiation. Knocking down COXs significantly lowered the concentrations of PGE2,
6-keto-PGF1α, AEA, and OEA in media. COX-1 was more effective in modulating the concentrations of
PGE2 and 6-keto-PGF1α, but COX-2 knockdown had more impact on the release of PGF2α. DHA was
not a lipid mediator released by C2C12 cells during differentiation (Figure 5).

In C2C12 cells, for LMs from AA pathway, downregulation of COXs significantly reduced the
levels of PGE2, but had no effect on the levels of PGF2α or 6-keto-PGF1α. Moreover, knocking down
COX-1, but not COX-2, significantly lowered the concentration of PGD2. TXB2 was not detectable in
C2C12 cells. Interestingly, knocking down COXs significantly increased the level of AEA in C2C12
cells, but had no effect on OEA levels (Figure 6). These results further confirm that the functional
change in COXs affects a more complex network of LMs than just PGs and TXA2. The whole list of
LMs identified in these studies using C2C12 cells is summarized in supplementary Figure S3 for cell
culture medium and supplementary Figure S4 for C2C12 cells.
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A 

 

B 

Figure 4. Treatment with PGE2 or 15-HETE partially recovers the impaired myogenesis induced by
COX-1 or -2 knockdown. Panel (A): Representative fluorescence images of morphological changes
of myotubes after siRNA transfection and supplement with LMs. Blue: DAPI (4′,6-diamidino-2-
phenylindole) staining; green: MHC (myosin heavy chain) staining. Panel (B): Pretreatment with PGE2

and 15-HETE partially but significantly improved Fusion Index. n = 3, ** p < 0.01 compared with NC;
# p < 0.05 and ## p < 0.01 compared with COX-1 or -2 siRNA.
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Figure 5. COX-1 or -2 knockdown reduces the levels of key lipid mediators released by C2C12 muscle
cells. (A) Absolute quantification of LMs released in DM of C2C12; (B) ratio of LMs released in DM at
72 h post transfection comparing COX-1 siRNA or COX-2 siRNA treatment with NC transfection. n = 5,
* p < 0.05 and ** p < 0.01 compared with NC; # p < 0.05 and ## p < 0.01 compared with COX-1 siRNA.

Figure 6. COX-1 or -2 knockdown alters the levels of key lipid mediators in C2C12 muscle cells. n = 4,
* p < 0.05 and ** p < 0.01 compared with NC; # p < 0.05 compared with COX-1 siRNA.

2.6. Changes in Gene Expression Profile after siRNA Transfection Targeting at COX-1 or -2

Next, to study the genetic mechanism(s) related to the changes in lipid mediators after knocking
down COX-1 or -2, a customized quantitative RT-PCR gene array, which includes 91 genes associated
with cell myogenic differentiation, cell survival, Ca2+ signaling and homeostasis, cell metabolism,
oxidative stress, and cell growth was performed [4]. After transfection with siRNAs, genes encoding
components of contractile apparatus and Ca2+ signaling were significantly affected (Figure 7). Myh7,
Acta1, Ttn, Myh1, and Myh6 were downregulated by knocking down at least one of the COX isoforms.
In contrast, the expression of ITPR1 gene, which encodes the inositol 1,4,5-triphosphate (IP3) receptor

11



Int. J. Mol. Sci. 2019, 20, 4326

1, an important regulator of intracellular calcium signaling, was increased. However, knocking down
COX-1 significantly reduced the expression levels of Cacna1c and Cacna1s, which are genes encoding
subunits of voltage-sensitive, L-type calcium channel, and Jph2. The impact of COX-2 on calcium
signaling is more complex, in addition to Itpr1, transfection with COX-2 siRNA also upregulated the
expression of Cacna1c, Ryr2, and Stim2, but downregulated the expression of Sypl2, Mtmr14, Tmem38a,
and Itpr2.

Figure 7. Knocking down COX-1 or -2 affects the expression of genes related with muscle structure
and functions. (A) Genes affected by both COX-1 and COX-2 siRNA transfection; (B) genes affected by
COX-1 siRNA transfection only; and (C) genes affected by COX-2 siRNA transfection only. (D) Changes
in gene expression after treatment with 15-HETE for 48 h. Only genes with two-fold or greater changes,
which are considered as significant changes, are listed.

In addition, the changes in antioxidative genes (Sod2, Sod3, and Cat) and the upregulation of genes
of heat shock protein family (Hspd1, Hspb2, and Cryab) suggest that the cells were under stress after
transfection of the siRNAs.

The changes in gene expression after COXs downregulation could be directly related with the
decreased levels of lipid mediators. We previously reported the effect of PGE2 on gene expression
in muscle cells using our customized gene array [4]. In this study, using the same method,
the changes in gene expression in primary mouse myoblast after 48 h of treatment with 15-HETE were
determined. Genes encoding tripartite motif-containing protein 55 (Trim55), Toll-like receptor 2 (TLR2),
and CC-chemokine ligand 2 (CCL2) were significantly upregulated after treatment with 15-HETE.
Trim55 is one of genes downregulated after transfection with either COX-1 or -2 siRNA, and the gene
expression of TLR2 and CCL2 were significantly reduced by knocking down COX-1 and -2, respectively
(Figure 7). These results support, at the genetic level, the partial recovery effect of myogenesis induced
15-HETE treatments shown in Figure 4.
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2.7. Intracellular Calcium Homeostasis Measurement

Since there are significant changes in gene expression in the contractile apparatus and Ca2+

machinery, the measurement of intracellular calcium homeostasis was performed to identify functional
changes in myotubes after siRNA transfection.

Both COX-1 and -2 siRNA transfection significantly altered the profile of intracellular calcium
homeostasis in response to caffeine stimulation, but there was some difference between COX-1
and -2 knockdown. COX-1 siRNA treated myotubes demonstrated spontaneous cyclical transition
in baseline fluorescence and a weaker response to caffeine stimulation compared to the negative
control group. While COX-2 siRNA treated myotubes do not show cyclical oscillation in intracellular
Ca2+ measurement, the amplitude of their responses to caffeine stimulation were further attenuated
(Figure 8).

Figure 8. Representative Ca2+ transient of mouse primary myotubes loaded with Fura-2/AM in response
to 20 mM caffeine (arrows). Treatment with COX-1 siRNA induced spontaneous Ca2+ oscillation with
reduced response to caffeine stimulation. While Ca2+ oscillation was not observed in myotubes treated
with COX-2 siRNA, their response to caffeine stimulation was further reduced. (A) Negative control;
(B) COX-1 siRNA knockdown; and (C) COX-2 siRNA knockdown.

3. Discussion

COX-1 and -2 are the two most important enzymes in the synthesis of PGs and TXA2 from AA.
Due to the comprehensive functions of PGs and TXA2 in physiological and pathological processes,
COX-1 and -2 have been considered as important targets for the development of new therapeutics for
disease [20,21]. In skeletal muscle, previous studies have shown that COXs, through the regulation of
their AA metabolites, play important roles in muscle development, regeneration, and diseases [13,22].

To date, most studies concerned with the role of COXs in skeletal muscle have been focused on
COX-2, the inducible form of COX. COX-2 increases during muscle regeneration after injury and during
recovery from muscle atrophy [14]. Moreover, under normal conditions, the protein levels of both
COX-1 and -2 are detectable in rat extensor digitorum longus (EDL) and soleus muscle [23]. Inhibition
of COX-2 results in attenuated muscle growth during regeneration after injuries and reduced muscle
hypertrophy in animal models [24]. At least part of the effects of COXs are thought to be mediated by
the functions of their AA metabolites, which include PGE2, PGF2α, PGI2, PGD2, and TXA2. In skeletal
muscle, due to their important functions in the regulation of myoblast proliferation and differentiation,
and the function of inflammatory cells, PGE2 and PGF2α have been considered major mediators of the
effects of COXs [7,9]. PGI2 plays an important role in regulating the migration and fusion of muscle
cells [25]. In contrast, treatment with PGD2 inhibited C2C12 myogenesis in vitro [26].

COX-2 induction during muscle regeneration occurs in the early acute inflammatory phase, which
is involved in the recruitment of inflammatory cells, such as macrophages, activation of satellite cells,
and myoblast proliferation [13]. However, administration of COX-2 inhibitor after acute inflammatory

13



Int. J. Mol. Sci. 2019, 20, 4326

phase did not affect muscle regeneration and had no noticeable effect in undamaged muscles. These data
suggest that COX-1, the constitutive isoform, may compensate for COX-2 and also plays a role in
muscle regeneration and in the maintenance of normal muscle functions. By downregulating COX-1
and -2 expression in mouse primary myoblast using siRNAs, we compared the functionalities of these
enzymes in myogenic differentiation. Our results demonstrated that knocking down both COX-1 and
-2 significantly inhibited myogenesis. However, these two enzymes may have different functions in
myogenic differentiation, based on the morphological phenotypes after the transfection of siRNAs.

To our knowledge, there is currently no systematic study comparing the functionalities of COX-1
and -2 during myogenesis in terms of the production of AA metabolites and other aspects important for
myoblast migration, proliferation, differentiation, and fusion, such as lipid profiling and intracellular
calcium homeostasis.

Our data provide evidence supporting previous findings that PGE2 and PGF2α could be two major
mediators from the AA/COX pathway in skeletal muscle. Moreover, the changes in PGs and TXB2

clearly indicate that COX-1 plays a critical role in the stages from myoblast to fusion in myogenesis.
In addition to affecting the production of PGs and TXs, reduced COXs functionalities also affected
the levels of AA metabolites through LOX pathways. 5- and 12/15 LOXs are the LOX isoforms
utilizing AA as substrate to generate 5-, 12-, and 15-HETE. Our results demonstrated that reduced
COX-1 or -2 expression significantly decreased the levels of 12- and 15-HETE, but had no effect on
5-HETE. These results suggest that COXs could interact with LOX to regulate the production of lipid
mediators from AA. 12/15 LOX shares some function with COXs, such as the regulation of inflammatory
cytokines. In animal studies, deletion of 12/15 LOX prevents the early onset of inflammation caused by
a high-fat diet [27] and denervation-induced muscle atrophy [28]. On the other hand, the same genetic
manipulation resulted in exaggerated inflammation and tissue damage in arthritis, and disruption of
the translocation of glucose transporter type 4 in cardiac and skeletal muscle. Our results suggest that
COX-1 and -2 could function indirectly on LMs by altering the metabolism of AA by LOXs. This could
be the first evidence of the interaction between COXs and LOXs in skeletal muscle.

Recently, skeletal muscle has been recognized as an endocrine tissue. Factors released from
muscles, such as β-aminoisobutyric acid (BAIBA), a muscle metabolite, can act as endocrine factors
to crosstalk with bone, adipose tissue, and other tissues or organs [29,30]. In our study, besides PGs,
OEA was also identified as a factor released by skeletal muscle, a metabolite derived from omega-9
fatty acid, oleic acid. BAIBA, via activation of peroxisome proliferator-activated receptor α (PPARα),
transient receptor potential vanilloid type-1 (TRPV1), and G protein coupled receptor GPR119 regulates
fat catabolism, food intake, and glucose homeostasis [31–33]. In soleus muscle, OEA enhanced the
oxidation of fatty acid, but had no significant effect on glucose metabolism [34]. Currently, feeding
status and enzymes directly responsible for OEA synthesis or degradation, such as N-acyl transferase
and fatty acid amide hydrolase [35], are major factors affecting the OEA level. Our results demonstrated
that COXs in skeletal muscle could be an important factor regulating the OEA level. AEA is another
candidate lipid mediator acting as a myokine, because it has important functions in metabolic regulation
and anti-inflammatory effects through activating TRPV1 and cannabinoid receptors, respectively [36],
and in our studies is regulated by the activities of COXs in skeletal muscle. These data could help to
expand the pool of myokines and provide new insight for explaining the beneficial effect of exercise.

The regulatory function of skeletal muscle on metabolism is closely related with its status,
especially functionality status. After transfection with siRNAs targeting COXs, the development of
myotubes is inhibited. Corresponding with this phenotype, genes encoding components of contractile
apparatus and cytoskeleton, including Myh2, Myh7, Acta1, Actb, and Actc1, were also significantly
affected. Appropriate cytoskeletal remodeling, which also is related to the assembly of the contractile
apparatus, is critical for migration, cell-to-cell recognition, and fusion of myoblasts/myocytes [37].
The changes in gene expression of the contractile apparatus and cellular structural components suggest
that COXs are important for assembly of contractile apparatus and cytoskeleton. Moreover, after
knocking down COX-1 or -2, functional tests using the measurement of intracellular Ca2+ homeostasis
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in myotubes was performed. Our results indicate that intracellular Ca2+ signaling was defective
after downregulation of COXs. COX-1 siRNA treated myotubes demonstrated spontaneous cyclical
transition in baseline fluorescence and a weaker response to caffeine stimulation. These phenomena
could have been resulted from the changes in gene expression of Ca2+ machinery. Cacna1c and Cacna1s
are genes encoding subunits of the voltage-sensitive, L-type Ca2+ channel, which plays a critical role in
gating intracellular Ca2+ movement [38]. Significant downregulation of these two genes after knocking
down COX-1 could lead to the dysfunction of voltage-sensitive, L-type Ca2+ channels, which could be
the major reason for the detectable spontaneous Ca2+ transients in myotubes. While COX-2 siRNA
treated myotubes did not show similar changes in intracellular Ca2+ measurement, the amplitude
of their responses to caffeine stimulation were further attenuated. Gene expression of Sypl2 (Mg29)
and Mtmr14 significantly decreased after COX-2 knockdown. Previous findings from our group have
confirmed that knocking down these genes causes defective Ca2+ signaling in skeletal muscle [39,40].
These changes, along with downregulation of Tmem38a, a gene encoding trimeric intracellular cation
channel type A, which is important for maintenance of rapid intracellular calcium release [41], could
contribute to the attenuated response upon caffeine stimulation.

The changes in gene expression after COX-1 and -2 siRNA transfection could be modulated through
decreasing levels of 15-HETE. Treatment with 15-HETE significantly increased the expression of Trim55,
TLR2, and CCL2. Trim55, also called muscle-specific RING finger protein 2 (MuRF2), was downregulated
after knocking down COX-1 or -2. This gene has been shown to be important for the organization of
cytoskeleton and contractile machinery in muscle. A reduced Trim55 expression level led to delayed
myoblast fusion, defective contractile function, and deformation of Z- and M-bands, suggesting that
Trim55 is an adaptor for tubulin, titin, and myosin, which has an important impact on structural and
functional aspects in muscle [42,43]. TLR2 and CCL2 were genes downregulated by knocking down
COX-1 and -2, respectively. They are important components in inflammatory responses, which play
essential roles in immune responses, muscle regeneration after injuries and muscle atrophy [44,45].
During endurance training, TLR2 signaling mediates the activation of mitogen-activated protein
kinase (MAPK) and nuclear factor κB (NF-κB) induced by extracellular nonesterified fatty acids [46].
One the other hand, muscle atrophy after immobilization is closely related with oxidative stress and
inflammation through the activation of TLR2 [47]. CCL2 might be one of the targets of TLR2 signaling in
skeletal muscles. Peptidoglycan, an agonist of TLR1 and TLR2, significantly induced CCL2 expression
in C2C12 myotubes [48]. Polymorphisms of CCL2 are associated with muscle adaption and muscle
damage response caused by exercise [49,50]. Research concerned with TLR2 and CCL2 in muscle has
been focused on their functions in recruiting immune cells, such as monocytes, during muscle recovery
from injury, which involves cell migration and cell adhesion [51,52]. Myoblast migration and adhesion
are important steps for differentiation and fusion. Our results imply that COXs-15-HETE signaling
could be important for pre-fusion events in myogenesis. Another interesting finding is that transfection
with COX-2 siRNA significantly increased the expression of interleukin-6 (IL-6), which was reversed
when myoblasts were treated with 15-HETE. IL-6 is a multi-functional factor in skeletal muscle. It can
stimulate satellite cell proliferation [53], but chronic exposure to IL-6 led to muscle atrophy [54], which
is supported by the previous report that inhibition of IL-6 signaling attenuated muscle atrophy in tail
suspension model through the downregulation of atrophy-related genes, such as atrogin-1 [55].

Collectively, these studies provide new insights into the regulation of LMs in skeletal muscle and
their crucial function for muscle cell homeostasis.

4. Materials and Methods

4.1. Cell Culture

4.1.1. Myoblast Isolation and Culture

Isolation of primary myoblasts was performed as previously described [7]. Primary myoblasts
were isolated from hind limb muscles of 5 months old C57BL/6 mice. Collected muscles were minced
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and digested using 0.1% pronase (EMD Millipore, Temecula, CA, USA). Isolated cells (fibroblasts
and myoblasts) were maintained and expanded in collagen-I (Corning, Corning, NY, USA) coated
T-75 flask in growth medium (GM) consisted of Ham’s F-10 (Corning), 20% fetal bovine serum (FBS,
Atlanta Biologicals, Flowery Branch, GA, USA), 5 ng/mL basic recombinant human fibroblast growth
factor (Promega, Fitchburg, WI, USA), 100 μg/mL streptomycin (Thermo Scientific, Rockford, IL,
USA), and 100 U/mL penicillin G (Thermo Fisher Scientific, Waltham, MA, USA) for 3 to 4 weeks for
purification. For differentiation, purified myoblasts were plated on E-C-L (Millipore)-coated 6-well
plates at ~200,000 cells/well and differentiated in DM for 48 or 72 h.

4.1.2. C2C12 Cells

C2C12 cells were cultured as previously described [56]. Briefly, cells [American Type Culture
Collection (ATCC), Manassas, VA, USA] were cultured in complete growth medium [CGM, high-glucose
Dulbecco’s Modified Eagle Medium (DMEM, Corning) with 10% fetal bovine serum, plus 100 U/mL
penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific)], at 37 ◦C and 5% CO2. C2C12
myoblasts were maintained at 70–80% confluence and passaged one or two times before being used
in experiments.

To initiate differentiation, CGM was replaced by differentiation medium (DM) containing
high-glucose DMEM, 2.5% horse serum (Hyclone Laboratories Inc, Logan, UT, USA), 100 U/mL
penicillin, and 100 μg/mL streptomycin.

4.2. siRNA Transfection

For primary mouse myoblasts, cells were seeded at ~200,000 cells/well in 6-well plates in primary
GM, then differentiated overnight before being transfected with 10nM siRNAs, including negative
control siRNA and siRNAs targeting COX-1 or -2 [Integrated DNA Technologies (IDT), Coralville, IA,
USA]. Lipofectamine RNAiMAX (Thermo Fisher Scientific) was used as a transfectant following the
instructions from the manufacturer.

For recovery experiments with LM supplements, including PGE2, 12-HETE, and 15-HETE, primary
myoblasts were treated with 50 nM of each LM for 2 h in fresh DM before being transfected with siRNAs.

For C2C12 cells, cells grew in CGM until 80–90% confluence in 6-well plates, then differentiated
overnight before being treated with siRNAs, as described in primary myoblast experiments.

4.3. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from primary myoblasts using Direct-zol RNA MiniPrep (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s instruction, and was quantified in a Nanodrop
1000 spectrophotometer (Thermo Fisher Scientific). An aliquot of RNA sample (0.5–1 μg) with the
A260/280 nm absorbance ratio of 1.8 or above was reverse transcribed in a 20 μL reaction volume using
a protoscript II first strand cDNA synthesis kit (New England Biolabs, Ipswich, MA, USA).

The RT-PCR reaction mixture contained 2 μL cDNA, 12.5 μL of the RT2 SYBR Green/Rox PCR
master mix (Qiagen, Germantown, MD, USA), 0.4 μL of primer pairs (10 μM) and 10.1 μL of RNase free
water to a complete reaction volume of 25μL. qRT-PCR was performed using Step-One Plus TM RT-PCR
System (Thermo Fisher Scientific), and results were normalized to the reference gene GAPDH. Primers
used in the experiments include: 1) COX-1: Forward: 5′-TGCCCATGGAGACCAGAAGAAGTT-3′;
Reverse: 5′-ATGGGTGTGGAGAAATGGCTCAGT-3′; 2) COX-2: Forward: 5′-ATGACTGGCTGGT
GCATCTCATCT-3′; Reverse: 5′-ACTTGCCCTCACGGACAATGTAGT-3′; 3) GAPDH: Forward: 5′-T
GCGATGGGTGTGAACCACGAGAA-3′; Reverse: 5′- GAGCCCTTCCACAATGCCAAAGTT-3′.

The customized gene array was previously developed by our laboratory in collaboration with
Qiagen and is now commercially available from Qiagen (Item No.: CAPM09345C, Germantown, MD,
USA) [4]. Experiments were performed according to the instructions from the manufacturer. Data were
uploaded and analyzed by specific software from Qiagen. Changes in gene expression were considered
significant when change was two-fold or greater.
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4.4. Protein Sample Preparation and Western Blotting

Muscle cells cultured in 6-well plates were washed 3 times with ice-cold Dulbecco’s phosphate
buffered saline (PBS) before being lysed by RIPA buffer [1× Tris-buffered saline (TBS), 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide] (Sigma-Aldrich, St. Louis, MO,
USA) with 1% cocktail of proteinase and phosphatase inhibitors (Sigma-Aldrich). Lysates were then
collected and incubated in ice for 30 min, followed by centrifugation at 16,000× g for 20 min at 4 ◦C.
Supernatants were collected for protein assay.

Protein assay was performed using Micro BCA Protein Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Protein samples then were mixed with 4×Western blot
loading buffer (Bio-Rad, Plano, TX, USA) and denatured at 100 ◦C for 5 min.

For Western blots, ~30 μg of total proteins were fractionated by 4–15% Mini Protean TGX gels
(Bio-Rad) and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes
were blocked in 5% non-fat dry milk in 1× TBS with 0.1% Tween 20 (TBST) for 1 h at room temperature
(RT), followed by incubation with antibodies COX-1 (1:1000, Cell Signaling Technology, Inc, Danvers,
MA, USA) and β-tubulin (1:1000, Cell Signaling Technology, Inc, Danvers, MA, USA) in 5% bovine
serum in TBST or COX-2 antibody (1 μg/mL, R&D systems, Minneapolis, MN, USA) in 5% non-fat
dry milk at 4 ◦C overnight. HRP-conjugated goat anti-rabbit (For COX-1 and β-tubulin, 1:10,000,
Jackson ImmunoResearch, West Grove, PA, USA) or HRP-conjugated rabbit anti-goat (For COX-2,
1:5000, Thermo Fisher Scientific) secondary antibodies were then applied to membranes for 1 h at RT.
After five 5-min washes in TBST, Clarity Max ECL Western blotting substrates (Bio-Rad) or Super
Signal West Femto substrate (Thermo Fisher Scientific) were used to detect the signal by ChemiDoc
MP imaging system (Bio-Rad).

4.5. Immunohistochemistry

After differentiation, cells in 6-well plates were fixed in 10% neutral buffered formalin solution
(NBF, Sigma-Aldrich) for 15 min. After removal of NBF, cells were washed 4 times with PBS, followed
by permeabilization with 0.1% Triton X-100 in PBS for 15 min. Cells were then incubated with myosin
heavy chain (MHC) fluorescein-conjugated antibody (1:100, R&D Systems) overnight at 4 ◦C. After
3 washes with PBS, DAPI (1:1000, Sigma-Aldrich) was added for 10 min incubation at room temperature.
Images were taken with Olympus IX50 system using software cellSens Dimension 1.15 (Olympus
Corp., New Orleans, LA, USA).

4.6. LC-MS/MS

4.6.1. Sample Preparation for Lipidomics Analysis

Briefly, cells from four wells of 6-well plates were harvested after experiments and transferred
into 1.0 mL of ice-cold 80% methanol in water (v/v) to perform homogenization using the TissueLyser II
homogenizer (Qiagen) at the frequency of 30/sec, in 6 × 30 s bursts, and 20 s in between to avoid high
temperature. An aliquot (20 μL) of cell homogenates was saved separately for future protein content
measurement by BCA (bicinchoninic acid) assay (Thermo Scientific, Rockford, IL, USA). The remaining
homogenate from each cell sample was added to 10 μL of IS mixture stock solution (5 μg/mL for AA-d8,
2 μg/mL for DHA-d5 and EPA-d5, and 0.5 μg/mL), then agitated on ice in the dark for 1–2 h. For cell
culture media, 1 mL of culture media sample was mixed with 1.5 mL of ice-cold methanol and 10 μL of
IS mixture stock solution, then agitated on ice in dark for 15 min. After incubating the homogenate or
culture media sample on ice, samples were centrifuged at 6000× g at 4 ◦C for 10 min to remove any
precipitated proteins. All LM standards and isotope-labelled LM internal standards were purchased
from Cayman Chemical Co (Ann Arbor, MI, USA). Formic acid (reagent grade, ≥95%) was obtained
from Sigma-Aldrich. HPLC-MS grade acetonitrile, water, methanol, and ethanol were purchased from
J.T. Baker (Phillipsburg, NY, USA).
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Both cell and culture media samples were cleaned and concentrated by Solid Phase Extraction
(SPE) before being injected into the LCMS. Before loading samples to the preconditioned SPE cartridges
(Strata-X 33 μm polymeric reversed phase, Phenomenex, Torrance, CA, USA), 4 or 6 mL of ice-cold
0.1% formic acid was added in the supernatant from cell or medium sample, respectively, to fully
protonate the LM species. Once the sample had been totally loaded, cartridges were washed with 1 mL
of 0.1% formic acid followed by 1 mL of 15% (v/v) ethanol in water to remove excess salts. Then the
LMs from the SPE sorbent bed were eluted by methanol. Solvents were removed using an Eppendorf®

5301 concentrator centrifugal evaporator (Eppendorf, Hauppauge, NY, USA), and the dried extracts
stored at −80 ◦C for future LC-MS/MS analysis.

4.6.2. LC-MS/MS Conditions

All components of LC-MS/MS system are from Shimadzu Scientific Instruments, Inc. (Columbia,
MD, USA). LC system was equipped with four pumps (Pump A/B: LC-30AD, Pump C/D: LC-20AD XR),
a SIL-30AC autosampler (AS), and a CTO-30A column oven containing a 2-channel six-port switching
valve. The LC separation was conducted on a C8 column (Ultra C8, 150 × 2.1 mm, 3 μm, RESTEK,
Manchaca, TX, USA) along with a Halo guard column (Optimize Technologies, Oregon City, OR, USA).
The MS/MS analysis was performed on Shimadzu LCMS-8050 triple quadrupole mass spectrometer.
The instrument was operated and optimized under both positive and negative electrospray and
multiple reaction monitoring modes (+/− ESI MRM). The settings of flow rate and gradient program
for the LC system as well as MS/MS conditions are recommended by a software method package for
158 lipid mediators (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) and further optimized
following our previously published quantification method [57]. Briefly, the optimized conditions are
as follows: Interface voltage, 4.0 kV; interface temperature, 275 ◦C; DL temperature, 275 ◦C; heating
block temperature, 400 ◦C; drying gas (N2), 10 L/min; nebulizing gas (N2), 3 L/min; heating gas
(Air), and 10 L/min; CID gas (Ar), 230 kPa. The acquisition was divided into multiple segments.
The m/z transitions and their tuning voltages were selected based on the best MRM responses from
the instrumental method optimization software. All analyses and data processing were completed on
Shimadzu LabSolutions V5.91 software (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA).

4.7. Intracellular Ca2+ Measurements

Intracellular Ca2+ measurements were performed as previously described [58]. A Photon
Technology International (PTI) imaging system was used to measure intracellular Ca2+ homeostasis.
Myotubes imaged were loaded with 2 μM Fura-2 AM (Thermo Fisher Scientific) for 30 min at 37 ◦C,
followed by RT de-esterification for 15 min. Only cells that had an initial ratio below 1.0, indicating
healthy and not Ca2+-overloaded myotubes, were selected for application of 20 mM caffeine (Thermo
Fisher Scientific) with a perfusion system (Bioscience Tools, San Diego, CA, USA). Ratiometric analysis
(350/375 nm excitation ratio; 510 nm emission) was performed using software PTI EasyRatioPro 2
(HORIBA, Edison, NJ, USA). These experiments were repeated 5 times and at least 6 myotubes were
tested on each experiment.

4.8. Statistical Analysis

Three to five independent replicates were performed for each experiment, except for the customized
gene array study. One-way ANOVA with post hoc Tukey’s test was performed for data analysis.
Results were expressed as mean ± SD. Differences were considered significant at p < 0.05.

5. Conclusions

In conclusion, by using lipidomic analysis, our data have provided new insights regarding the
functions of COXs in skeletal muscle. COX-1 may play a major role in the step from myoblast to fusion
in myogenic differentiation. Its effect could also be related with the alteration in AA/LOX pathway.
Further studies on the lipid mediators from AA/COX pathway, and the interactions between COXs
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and LOXs will advance the knowledge of COX and related lipid signaling in skeletal muscle and other
tissues, which could benefit the development of new treatments for inflammation related diseases in
skeletal muscle and other tissues.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/18/
4326/s1.
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Abstract: Ursodeoxycholyl lysophosphatidylethanolamide (UDCA-LPE) is a synthetic bile
acid-phospholipid conjugate with profound hepatoprotective and anti-fibrogenic functions in vitro
and in vivo. Herein, we aimed to demonstrate the inhibitory effects of UDCA-LPE on pro-fibrogenic
integrin signalling. UDCA-LPE treatment of human embryonic liver cell line CL48 and primary
human hepatic stellate cells induced a non-classical internalization of integrin β1 resulting in
dephosphorylation and inhibition of SRC and focal adhesion kinase (FAK). Signalling analyses
suggested that UDCA-LPE may act as a heterobivalent ligand for integrins and lysophospholipid
receptor1 (LPAR1) and co-immunoprecipitation demonstrated the bridging effect of UDCA-LPE
on integrin β1 and LPAR1. The disruption of either the UDCA-moiety binding to integrins by
RGD-containing peptide GRGDSP or the LPE-moiety binding to LPAR1 by LPAR1 antagonist Ki16425
reversed inhibitory functions of UDCA-LPE. The lack of inhibitory functions of UDCA-PE and
UDCA-LPE derivatives (14:0 and 12:0, LPE-moiety containing shorter fatty acid chain) as well as the
consistency of the translocation of UDCA-LPE and integrins, which co-fractionated with LPE but not
UDCA, suggested that the observed UDCA-LPE-induced translocation of integrins was mediated by
LPE endocytic transport pathway.

Keywords: integrin signalling; lipid raft-mediated internalization; hepatic fibrosis

1. Introduction

Liver fibrosis is characterized by pathological accumulation of extracellular matrix (ECM). ECM is
a collection of molecules which are secreted by cells and distributed in all organs and tissues consisting
of collagens, proteoglycans, glycoproteins and glycosaminoglycans [1]. Although some other cell types
in the liver can also contribute to fibrosis, it is generally accepted that activated hepatic stellate cells
(HSC) are the main source of excessive ECM. Integrins are a family of heterodimeric transmembrane
receptors composed of an α and a β subunit, which are involved in cell-cell and cell-matrix interactions.
Binding of integrins to ECM components mediates the recruitment and activation of signalling proteins
such as focal adhesion kinase (FAK) and SRC kinase, which play a central role in the transduction of
intracellular integrin signalling events. Furthermore, integrins have been reported to be involved in
HSC activation and migration [2] and found to be upregulated during liver fibrosis [3].
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UDCA-LPE is a synthetic bile acid-phospholipid conjugate, which has exhibited profound
hepatoprotective and anti-fibrogenic functions in vitro and in vivo [4,5]. The conjugate contains
an ursodeoxycholic acid (UDCA) moiety, which by itself also exhibits protective effects against
hydrophobic bile-acid-induced hepatocellular apoptosis in cholestatic liver disease [6] and has been
approved for the treatment of primary biliary cirrhosis [7].

Notably, our former studies revealed that protective functions of UDCA-LPE are critically
dependent on the conjugation between the bile acid and the phospholipid whereas the individual
compounds UDCA or LPE showed only little efficacy in different in vitro [4] and in vivo models [8].
These results imply that the conjugation due to its hydrophobicity is decisive in order to facilitate the
interaction of UDCA-LPE with lipid membranes [9,10] rendering it a promising drug candidate for
membrane lipid therapy [11].

Herein, we demonstrate the interaction of UDCA-LPE with integrins leading to integrin
internalization via lipid rafts and subsequent inhibition of fibrogenic signalling. These events represent
a novel mechanism of UDCA-LPE in support of its potent anti-fibrogenic effects previously observed
in experimental mouse models of liver disease [5].

2. Results

2.1. UDCA-LPE Induces Translocation of Integrins

The interaction with ECM leads to an autophosphorylation of FAK at Tyr397 with subsequent
binding of FAK to SRC, which in turn activates SRC leading to phosphorylation of FAK at Tyr576/577
and Tyr925, which is known to be essential for its kinase activity [12]. After phosphorylation in response
to integrin engagement, FAK and SRC trigger pro-fibrogenic signalling both in vivo and in vitro [13,14].
As non-kinase receptors, integrins activate FAK by a conformational change. Thus, the co-localization
and interaction between integrins and FAK/SRC are considered to be essential for proper signalling.
In the absence of UDCA-LPE, integrin β1 and SRC were found to be localized predominantly at
cell-to-cell contacts of CL48 liver cells (Figure 1A). Upon addition of UDCA-LPE for 30 min, most of
integrin β1 migrated away from plasma membrane while SRC localization was not affected (Figure 1A).
After 2 h treatment, integrin β1 accumulated more pronouncedly at the nuclear envelope (Figure 1A).
Despite of this integrin β1 translocation, the localization of active FAK (pFAK Tyr397) at the focal
adhesions of CL48 cells was not affected by UDCA-LPE (Figure S1). UDCA-LPE-induced internalization
of integrin β1 was also observed in HHStec cells (Figure S2A). The co-localization of integrin β1 and
the endoplasmic reticulum (ER) marker calnexin in CL48 cells (Figure 1B) and HHStec cells (Figure S2B)
upon UDCA-LPE treatment suggests the localization of endocytosed integrin β1 at the ER. Notably,
treatment of CL48 cells with UDCA, LPE or UDCA + LPE had no effect on integrin β1 localization
(Figure S3). Besides integrin β1, UDCA-LPE similarly induced the translocation of other integrins
including integrin α2, α3, α5, αv, β4 and β5 (Figure S4). In the absence of UDCA-LPE, these integrins
displayed some differences in terms of localization, that is, integrins α2, α3 and α5 localized at plasma
membrane, integrin αv at the cytoplasm and integrin β5 at focal adhesions (Figure S5). However,
the internalization of these integrins by UDCA-LPE was similar to that of integrin β1.
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Figure 1. UDCA-LPE modulates the localization of integrin β1. Representative fluorescence microscopy
images of CL48 cells after treatment with 90 μM UDCA-LPE for (A) 30 min or 2 h and (B) 1 h.
Immunofluorescence showed the staining of (A) integrin β1 (green), SRC (red) and DAPI (blue) and
(B) integrin β1 (green), calnexin (red) and DAPI (blue). DAPI was used for nuclear staining.

2.2. Integrin Translocation by UDCA-LPE Suppresses FAK and SRC Phosphorylation

Translocation of integrin β1 with subsequent loss of its co-localization with SRC (Figure 1A)
was associated with decreased phosphorylation of FAK (Tyr925 and Tyr576/577) and SRC (Tyr416)
upon UDCA-LPE treatment of CL48 (Figure 2A) and HHStec cells (Figure 2B) in a time-dependent
manner from 15 min to 2 h. In CL48 cells, phosphorylation of c-Jun N-terminal kinases (JNK) which
is a downstream target protein of FAK was also decreased by UDCA-LPE treatment (Figure 2A).
Thus, UDCA-LPE inhibited integrin signalling after induction of integrin internalization via an
inhibition of FAK and SRC phosphorylation.

Figure 2. UDCA-LPE inhibits phosphorylation of SRC and FAK. (A) CL48 cells and (B) HHStec cells
were treated with 90 μM UDCA-LPE for 1 min to 2 h. Cell lysates were probed with antibodies
against phospho-FAK (Tyr925), phospho-FAK (Tyr576/577), FAK, phospho-SRC (Tyr416), SRC and
phospho-JNK (Thr183/Tyr185). GAPDH was used as control for equal protein loading.
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2.3. RGD-Containing Peptide GRGDSP Inhibits UDCA-LPE-Induced Translocation of Integrins

The most prevalent integrin recognition site present in ECM contains a tripeptide motif composed
of L-arginine, glycine and L-aspartic acid (RGD). RGD-containing peptides, which bind to the
RGD-recognition site of integrin, inhibit their binding to the ECM. Although UDCA-LPE mediated
the translocation of multiple integrins, it did not induce the translocation of integrin α1 as observed
in CL48 cells (Figure S5). Integrin α1 can uniquely form a α1β1 heterodimer, which unlike most
other integrins does not recognize RGD motif in ECM [15]. The lack of integrin α1 translocation
implies that UDCA-LPE-induced translocation of integrins may solely depend on the RGD-recognition
motif. GRGDSP peptide which blocks the RGD-recognition motif in integrins was therefore used to
disrupt the binding of integrins to the RGD motif in ECM. GRGDSP alone had no effect on integrin
localization (Figure 3). However, pre-treatment with GRGDSP markedly blocked UDCA-LPE-induced
translocation of integrin β1 (Figure 3).

 
Figure 3. RGD-containing peptide GRGDSP inhibits UDCA-LPE–induced translocation of integrins.
Representative fluorescence microscopy images of CL48 cells after treatment with 200 μg/mL
RGD-containing peptide GRGDSP for 1 h and 90 μM UDCA-LPE for additional 1 h. IF staining
of integrin β1 (green), SRC (red) and DAPI (blue). DAPI was used for nuclear staining.

2.4. UDCA-LPE Binds to Integrins with Its UDCA-Moiety

It is known that activation of integrin signalling involves autophosphorylation of FAK at Tyr397,
which leads to an interaction of FAK with SRC [12]. With a short incubation time of 1–5 min, UDCA-LPE
stimulated the phosphorylation of FAK (Tyr397) as well as the downstream targets c-Raf (p-Ser338)
and ERK (p-Thr202/Tyr204) (Figure 4A). This activation was inhibited by GRGDSP pre-treatment.
Phosphorylation of FAK at Tyr397, c-Raf and ERK was also observed by UDCA treatment (Figure 4B).
Similar to GRGDSP, pre-treatment with FAK inhibitor 1,2,4,5-benzenetetraamine tetrahydrochloride
(Y15) significantly blocked UDCA-LPE-induced phosphorylation of FAK (Tyr397), c-Raf and ERK
(Figure 4C), suggesting a FAK-dependent mechanism. We found that RGD peptide alone also induced
the phosphorylation of c-Raf and ERK after 1-5 min treatment time (Figure 4D) in a similar manner
as UDCA-LPE (Figure 4D) and UDCA (Figure 4B). This suggested that these compounds triggered
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integrin signalling in a similar manner like RGD peptide. Taken together, our results suggest that
an interaction of UDCA-LPE with integrins may employ the UDCA-moiety of the molecule. Further
binding experiments have to prove this hypothesis.

 

Figure 4. UDCA-LPE and UDCA induce integrin-dependent phosphorylation of c-Raf and ERK. (A–C)
CL48 cells were treated with (A,B) 100 μg/mL RGD containing peptide GRGDSP or (C) 100 μM FAK
inhibitor 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) for 30 min and (A,C) 90 μM UDCA-LPE or
(B) 90 μM UDCA for 1 to 15 min. Lysates were probed with antibodies against phospho-FAK (Tyr397),
phospho-c-Raf (Ser338) and phospho-ERK 1/2 (Thr202/Tyr204). (D) CL48 cells were treated with
100 μg/mL RGD peptide or 90 μM UDCA-LPE for 1 min to 2 h. Lysates were probed with antibodies
against phospho-c-Raf (Ser338) and phospho-ERK 1/2 (Thr202/Tyr204). GAPDH was used as control
for equal protein loading.

2.5. UDCA-LPE Serves as a Bivalent Ligand Bridging Between Integrin β1 and LPAR1

We found that treatment of CL48 cells with UDCA-LPE or LPE was able to induce phosphorylation
of b-Raf at Ser445 in the first 15 min (Figure 5A). It is known that LPE interacts with a G protein-coupled
receptor LPAR1 [16] and that LPAR activation induces the activation of PKA [17,18]. We used anti-PKA
substrates (RRXS*/T*) antibody to determine the activity of PKA. UDCA-LPE was able to rapidly
induce phosphorylation of PKA substrates maximizing at 15 min (Figure 5B). The UDCA-LPE-induced
activation of b-Raf (but not c-Raf) and ERK was inhibited by pre-treatment with PKA antagonist
Rp-cAMP (Figure 5C). These data showed the ability of UDCA-LPE to trigger LPE/LPAR1 signalling
via PKA/b-Raf/ERK pathways. We further performed immunoprecipitation of integrin β1 followed
by immunoblotting with an anti-LPAR1 antibody. LPAR1 was nearly undetectable in the pull-downs
of control cells whereas LPAR1 protein levels were markedly elevated in those of UDCA-LPE-treated
cells (Figure 5D). Our results suggest that UDCA-LPE may act as a bivalent ligand bridging between
integrins and LPAR1 to form a tri-component complex.
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Figure 5. UDCA-LPE induces the LPE signalling and complex formation between LPAR1 and integrin
β1. (A,B) CL48 cells were treated with (A,B) 90 μM UDCA-LPE or (A) 90 μM LPE for 1 min to 2 h.
Lysates were probed with antibodies against (A) phospho-b-Raf (Ser445) and (B) PKA substrates
(RRXS*/T*). (C) CL48 cells were treated with 200 μM Rp-cAMP for 30 min and 90 μM UDCA-LPE
for 1 min to 15 min. Lysates were probed with antibodies against PKA substrate (RRXS */T *),
phospho-b-Raf (Ser445), phospho-c-Raf (Ser338) and phospho-ERK (Thr202/Tyr204). (D) CL48 cells
were treated with 90 μM UDCA-LPE for 1 h. Integrin β1-containing proteins were immunoprecipitated
with a polyclonal anti-integrin β1 antibody and immunoblotted using anti-LPAR1 or anti-integrin
β1 antibody.

2.6. LPE-Moiety is Necessary for UDCA-LPE-Induced Translocation of Integrin β1 and Suppressed FAK and
SRC Phosphorylation

To dissect the role of LPAR1, we further utilized an LPAR antagonist Ki16425, which was reported
to disrupt the binding of LPE to LPAR1 [16]. We found that Ki16425 pre-treatment significantly blocked
UDCA-LPE-induced translocation of integrin β1 in a concentration-dependent manner (Figure 6A).
Additionally, UDCA-LPE-induced inhibition of phosphorylation of FAK (Tyr576/577 and Tyr925)
(Figure 6B) and SRC (Tyr416) (Figure 6C) was nearly completely abolished by pre-incubation with
Ki16425. It has been reported that the activity of lysophosphatidic acids to bind and activate LPAR
decreases with a shorter fatty-acid chain length [19,20]. Thus, we treated CL48 cells with UDCA-PE
(a conjugate of UDCA and 18:1, 18:1 PE), UDCA-LPE (12:0) (UDCA conjugated with 12:0 LPE) or
UDCA-LPE (14:0) (UDCA conjugated with 14:0 LPE). Unlike UDCA-LPE (UDCA conjugated with
18:1 LPE), UDCA-PE, UDCA-LPE (12:0) or UDCA-LPE (14:0) did not decrease but rather slightly
increase the phosphorylation of FAK (Tyr 925 and Tyr576/577) and SRC (Tyr416), which was found to
be similar to UDCA and tauro-UDCA (TUDCA) (Figure 6D). Taken together, our results suggested that
the LPE-moiety and its association with LPAR1 were essential for UDCA-LPE-induced translocation
of integrin β1 and inhibition of SRC and FAK phosphorylation.
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Figure 6. Translocation of integrin β1 and dephosphorylation of SRC and FAK is dependent on the
LPE moiety of UDCA-LPE. (A) Representative fluorescence microscopy images of CL48 cells after
treatment with LPAR antagonist Ki16425 at 100 μM or 500 μM for 1 h and 90 μM UDCA-LPE for
additional 1 h. IF of anti-integrin β1 (green). (B) CL48 cells were treated with 50 μM Ki16425 for
1 h, followed with 90 μM UDCA-LPE for additional 1h. Lysates were probed with antibodies against
phospho-FAK (Tyr925) and phospho-FAK (Tyr576/577). (C) CL48 cells were treated with 1mM Ki16425
for 1 h, followed with 90 μM UDCA-LPE for additional 1 h. Lysates were probed with antibodies
against phospho-SRC (Tyr416). (D) CL48 cells were treated with 90 μM UDCA, TUDCA, UDCA-LPE,
UDCA-LPE-Na, UDCA-PE, UDCA-LPE 12:0 or UDCA-LPE 14:0 for 2 h. Lysates were probed with
antibodies against phospho-FAK (Tyr925) and phospho-FAK (Tyr576/577). GAPDH was used as
control for equal protein loading.

2.7. UDCA-LPE Mediates the Compartmentalization of Integrins into Lipid Rafts

Cell lysates were subjected to lipid fractionation and the levels of various integrins in 12 fractions
were analysed by western blotting. A marker for lipid rafts caveolin-1 was mostly detected in fractions
2–4 of control CL48 cell lysates and in fractions 1–4 in cells treated with UDCA-LPE for 30 min
(Figure 7A). This indicated that the integrity of lipid rafts was not disturbed by UDCA-LPE and that
lipid rafts were maintained in lower density fractions 1–4. UDCA-LPE treatment did not alter SRC
protein concentrations in any of lipid fractions (Figure 7H) but markedly increased concentrations of
integrin α2, α3, α5, αv, β1 and β4 in lipid-raft fractions 1–4 concomitant with decreased concentrations
in fractions 5–8 (Figure 7B–G). Moreover, co-incubation with GRGDSP inhibited UDCA-LPE-induced
translocation of these integrins to lipid-raft fractions (Figure 7B–G).
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Figure 7. UDCA-LPE mediates compartmentalization of integrins into lipid rafts. (A–C) Lipid
fractionation of CL48 cells after treatment with 200 μg/mL RGD-containing peptide GRGDSP for
1 h and 90 μM UDCA-LPE for 30 min. Separated fractions were immunoblotted with antibodies
against (A) caveolin-1, (B) integrin α2, (C) integrin α3, (D) integrin α5, (E) integrin αv, (F) integrin
β1, (G) integrin β4 or (H) SRC respectively. The protein of interest was normalized to the amount of
all proteins in 12 fractions as 100%. Data are means ± the standard deviation of three independent
experiments. *** p < 0.001, ** p < 0.01, * p < 0.05.

2.8. Integrin-Bound UDCA-LPE Translocated into Lipid Rafts, Which Co-Fractionated with LPE but
Not UDCA

The intracellular transport of a heterobivalent ligand could be determined by one of its
receptors [21]. To investigate which receptor determined the localization of UDCA-LPE, we treated CL48
cells with UDCA, LPE or UDCA-LPE for 30 min and cell lysates were subjected to lipid-raft fractionation
and the concentrations of UDCA, LPE or UDCA-LPE in 12 fractions were respectively determined by
high-performance liquid chromatography-tandem mass spectrometry. UDCA was localized only in
non-raft fractions, whereas LPE was present in both raft- and non-raft fractions (Figure 8A), suggesting
that UDCA receptors were localized only in non-raft fractions whereas LPE receptors were present
in both fractions. UDCA-LPE displayed an integrated localization of both UDCA and LPE and the
proportion of UDCA-LPE in raft fractions 1–4 was in parallel to that of LPE (Figure 8A, Inset) suggesting
that the initial localization of UDCA-LPE was determined by both UDCA- and LPE-receptors. GRGDSP,
which inhibited the binding of UDCA-LPE to integrins, decreased the proportion of UDCA-LPE in
non-raft fractions and increased the proportion in lipid-raft fractions, indicating that integrin-bound
UDCA-LPE was initially localized in non-raft fractions. After incubation with UDCA-LPE for 2 h
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or overnight an increased proportion of UDCA-LPE was detected in lipid rafts in a time-dependent
manner (Figure 8B), suggesting a translocation of integrin-bound UDCA-LPE to lipid rafts at a longer
incubation time. These data were consistent with the translocation of integrins into lipid rafts by
UDCA-LPE treatment (Figure 7), suggesting a co-translocation of integrins with UDCA-LPE. Taken
together, the co-translocation of integrins and UDCA-LPE was determined by LPE receptors.

Figure 8. Distribution of UDCA, LPE and UDCA-LPE in lipid fractions. (A,B) Lipid-raft fractionation
of CL48 cells after treatment with (A) 90 μM UDCA, 90 μM LPE, 90 μM UDCA-LPE for 30 min or
200 μg/mL GRGDSP for 1 h and 90 μM UDCA-LPE for additional 30 min or (B) 90 μM UDCA-LPE
for 30 min, 2 h or overnight. Separated fractions were subjected to liquid-chromatography mass
spectrometry for quantification of UDCA, LPE or UDCA-LPE in UDCA, LPE or UDCA-LPE-treated
cells, respectively. In each treated group, the total levels of UDCA, LPE or UDCA-LPE in 12 fractions
was normalized as 100%. Data are means ± the standard deviation of three independent experiments.
*** p < 0.001, ** p < 0.01, * p < 0.05. (C) Schematic time-dependent model for anti-fibrogenic effects
of UDCA-LPE. The lightning graphic means stimulation: the binding of UDCA-LPE with integrin
activates phosphorylation of FAK and SRC. The arrows mean (1) translocation of the UDCA-LPE
complex into lipid rafts, which (2) results in the dephosphorylation of FAK and SRC.
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3. Discussion

As effective therapeutic options against liver fibrosis are limited to date, the proposal of novel
compounds which target pro-fibrogenic pathways is urgently needed. The bile acid-phospholipid
conjugate UDCA-LPE has been proven to exhibit potent anti-fibrogenic functions in vitro and
in vivo [5]. In this study, we analysed enforced translocation of integrins by UDCA-LPE as a
possible mechanism for its anti-fibrogenic effects. We showed that UDCA-LPE can associate to
the RGD-recognition motif in integrins and LPAR1 with its UDCA- and LPE-moiety, respectively.
The latter binding acts as a transporter of UDCA-LPE into lipid-rafts occurring simultaneously with
an internalization of UDCA-LPE-bound integrins to the ER and the nuclear envelope. The subsequent
loss of SRC co-localization with integrins decreased phosphorylation levels of SRC and FAK leading to
an inhibition of pro-fibrogenic activity.

Recent studies have reported that TUDCA stimulates integrin-dependent phosphorylation of
SRC, FAK, ERK and p38MAPK [22,23]. Similar to TUDCA, UDCA and UDCA-LPE stimulated integrin-
and FAK-dependent c-Raf and ERK phosphorylation in CL48 cells as well (Figure 4). Interestingly,
recent results using a 3D model of integrin α5β1 have shown the importance of the RGD-recognition
motif as a sensor of TUDCA. However, TUDCA has an intracellular effect on integrin α5β1 rather
than at the plasma membrane [24]. As UDCA and TUDCA are known to be located at the interfacial
outer surface of plasma membrane [25,26], this may be the case for the binding of UDCA-LPE to
the extracellular domain of integrins as we showed that UDCA-LPE was able to induce integrin
internalization at plasma membrane (Figure 1) and that GRGDSP could inhibit the translocation of
integrins (Figure 2B–D and Figure 3).

The design of heterobivalent ligands to target two different receptors has previously been used
for pharmacological purposes [27]. As a novel heterobivalent ligand (Figure 8C), UDCA-LPE was
not only able to bind to integrins with its UDCA-moiety but also triggered LPE/LPAR1 signalling
through its LPE-moiety (Figure 5A–C). The stimulation of UDCA and LPE signalling occurred in
the first 5 min of UDCA-LPE treatment by association of UDCA-LPE with integrins and LPAR1
(Figure 8, left). This process may be equivalent to UDCA + LPE treatment. However, the character of
UDCA-LPE to bridge integrins and LPE receptors, which was confirmed by co-immunoprecipitation of
integrins and LPAR1 (Figure 5D), rendered UDCA-LPE to have a specific function in pulling integrins
into the intracellular transport pathway of LPE. We hypothesize that this results in the translocation
of integrins from the plasma membrane to the ER and the nuclear envelop observed at a longer
incubation time (Figure 8, right). Additional experiments have to further evaluate the localization and
intracellular trafficking of endocytosed integrins. Our results showed that LPE alone had no effect on
the localization of integrins and that UDCA-LPE-induced translocation of integrins and the inhibition
of integrin signalling were dependent on the LPE-moiety of UDCA-LPE.

It has been reported that LPAR1 is localized partially in lipid rafts [28] and that disruption of lipid
rafts impairs the function of LPAR1 [29,30]. As LPAR1 is a receptor of LPE [16], we also found that
~18% of LPE was localized in lipid rafts upon LPE treatment for 30 min (Figure 8A). Although UDCA
has been reported to antagonize the deoxycholate-induced cholesterol depletion [31], it has been shown
that UDCA owns a much higher affinity to non-raft than to lipid-raft fractions [25]. Consistent with this,
almost no UDCA was detectable in raft fractions of UDCA-treated cells (Figure 8A). The localization
of integrins in non-rafts and LPE endocytic transport pathway destined in lipid-rafts indeed allowed
an opportunity for UDCA-LPE to be the mediator for integrin translocation (Figure 8C). UDCA-LPE
was translocated into lipid rafts via LPE/LPAR1 axis (Figure 8) concomitant with its internalization
(Figure 7) via UDCA/integrin axis.

The general mechanism for endocytic transport of LPE has not been well understood. LPARs are
normally localized in both clathrin and caveolar endocytic microdomains and the latter is thought to
respond to LPAR internalization because of LPAR co-localization with caveolin-1 in the nucleus [28].
It has been shown that LPAR-induced gene expression is insensitive to caveolea-disrupting agents filipin
and methyl-β-cyclodextrin [28], suggesting that LPAR internalization does not necessarily rely on the
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structure of caveolea. Our data also supported this notion as filipin or methyl-β-cyclodextrin treatment
did not inhibit integrin translocation induced by UDCA-LPE (data not shown). The independency
from caveolea was one of the features of UDCA-LPE-induced internalization of integrins which may be
different from the previously reported integrin endocytosis/recycling pathway [32].

Integrins cross-talk with crucial pro-fibrogenic pathways such as TGFβ1 and PDGF signalling [33]
and are therefore regarded as attractive therapeutic targets for the treatment of fibrotic disease. Most
inhibitors of integrins including antibodies and cyclic RGD-containing peptides [34,35] have focused
on the inhibition of integrin-induced cell-to-ECM and cell-to-cell interactions. However, the use of
RGD peptides for fibrosis treatment is quite limited [36,37] because of their lack of persistent effects [38].
Due to multiple binding sites of integrins for ECM [39], an exclusive blockade of RGD-recognition
motif may not completely disrupt the binding of integrins to ECM. Here, we could demonstrate
that UDCA-LPE not only occupied the RGD-binding sites in integrins but also induced integrin
internalization which completely disrupted the ECM-binding to integrins at the plasma membrane
(Figure 8C). Thus, UDCA-LPE emerged as an effective inhibitor of RGD-binding integrins more potent
than the typical RGD-containing peptide.

It is well-recognized that integrin-induced signalling plays a crucial role in fibrogenesis and
that the downstream proteins FAK and SRC play an essential during pro-fibrotic signalling [40,41].
RGD peptide has been reported to activate integrins [42,43], which may also promote fibrogenic
signalling. Our data supported this notion as we found that RGD peptide was able to induce integrin
signalling (Figure 4D). Unlike RGD peptide, by removing the activator of FAK and SRC UDCA-LPE
treatment led to persistent inhibition of integrin signalling after long incubation of CL48 cells and
HHStec cells (Figures 2 and 8C, right) thus displaying a very potent anti-fibrogenic effect.

In present study, we demonstrated a possible novel pharmacological tool for integrin inhibition,
where UDCA-LPE did not function as a direct inhibitor of integrins per se but as a heterobivalent
ligand bridging between integrins and LPAR1. By the action of LPE/LPAR1 transporters in cells,
UDCA-LPE was able to induce the translocation of integrins leading to a loss of co-localization with
SRC, which resulted in dephosphorylation of FAK and SRC and inhibition of downstream fibrogenic
targets. This elucidated mechanism of action renders UDCA-LPE as a drug candidate for the treatment
of liver fibrosis.

4. Materials and Methods

4.1. Reagents and Cell Culture

All reagents as well as the cultures and treatment of human embryonic liver CL48 cell line and
Human Hepatic Stellate Cells (HHStec) are shown in Supplementary Materials.

4.2. Western Blotting

Lysates of treated cells were subjected to western blotting analysis (Supplementary Materials).

4.3. Immunofluorescence

Paraformaldehyde-fixed cells were subjected to immunofluorescence (Supplementary Materials).

4.4. Lipid Fractionation

For each treatment group, CL48 cells were cultured in 20 × 75 cm2 culture flasks. After UDCA,
LPE or UDCA-LPE treatment, cells were rinsed with PBS and scraped into 10 mL buffer containing
2 mM HEPES, 150 mM NaCl, 1 mM EGTA, 5 mM sodium vanadate, 10 mM sodium azide, 10 mM
sodium pyrophosphate, 100 μg/mL PMSF, 1 mM sodium orthovanadate and 10 μl/mL protease inhibitor
cocktail. Cells were homogenized and the lysates were centrifuged at 800× g at 4 ◦C for 10 min. Two mL
of supernatants were incubated at 37 ◦C for 4 min and then incubated with 0.02 g Brij 98 at 37 ◦C for 5 min.
The extracts were adjusted to 4 mL with 2 M Sucrose and cooled down in ice for 1 h. The extracts were gently
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overlaid with successive decreasing sucrose densities solutions (0.9–0.8–0.75–0.7–0.6–0.5–0.4–0.2 mol/L
Sucrose) to prepare a discontinuous sucrose gradient. The gradients were centrifuged at 200,000× g
in a Beckman SW 41Ti rotor for 22 h at 4 ◦C. Twelve fractions (1 mL for each fraction) were collected
and used for western blotting and liquid-chromatography mass spectrometry (LC/MS-MS) analyses.
The concentrations of total targets (proteins or lipids) in 12 fractions were normalized to 100% and
the proportion or abundance of each target was reported in %. Cell lysates were subjected to sucrose
density-gradient centrifugation for lipid fractionation.

4.5. Quantification of UDCA-LPE, UDCA and LPE

Following lipid fractionation, 500 μL of each fraction were extracted with 3 mL
chloroform-methanol 2:1 mixture, 500 μL water and 20 μL internal standard D4-UDCA. Following
centrifugation at 2500 rpm for 5 min, the lower chloroform phase was collected. Three mL of 2:1
chloroform-methanol mixture was added to the upper phase, extracted the second time and again
centrifuged at 2500 rpm for 5 min. The lower phase was collected, combined with the previous
chloroform phase and added to 0.4 mL 50 mM citric acid. Following mixing and centrifugation the
lower phase was collected in a glass tube and the solvent was evaporated to dryness. The dried
lipids were dissolved in 180 μL methanol. Concentrations of UDCA-LPE, UDCA and LPE in each
lipid fraction were quantified using a liquid-chromatography mass spectrometer. The responses
were calculated from the ratio of UDCA-LPE, UDCA, or LPE peak and D4-UDCA. Concentrations in
nmol/mg protein were calculated from response of UDCA-LPE, UDCA and LPE used in standard
curves. LC/MS-MS machine and running conditions are described in our published work [44].
Briefly, the separation was achieved by using a Phenomenex Luna C18 (Phenomenex, Aschaffenburg,
Germany) column (100 × 2.0 mm, 3 μm) fitted on a separation module of a Waters 2695 (Waters,
Milford, MA, USA). Binary solvents were 80% H2O/MeOH with 8 mM ammonium acetate, pH 8.0
(solvent A) and 95% MeOH/H2O with 8 mM ammonium acetate, pH 8.0 (solvent B). The flow rate
was maintained at 0.2 mL/min and the gradient was started with 100% solvent A for 2.5 min, changed
to 100% solvent B in 1 min, held for 16.5 min and returned to the initial condition in 3 min. Separated
fractions were detected on-line by an electrospray ionization source of the tandem mass spectrometer
(Quattro micro API, Micromass Waters, Waters, Milford, MA, USA).

4.6. Immunoprecipitation

Lysates of treated cells were subjected to immunoprecipitation analysis (Supplementary Materials).

4.7. Statistical Analysis

Statistical analysis was performed using Prism Software version 4.0 (GraphPad, La Jolla,
San Diego, CA, USA).

Please see Supplementary Materials for detailed information.

5. Conclusions

UDCA-LPE enforces internalization of integrins leading to an inhibition of downstream signalling
pathways. As a possible novel mode of integrin inhibition, we described the simultaneous bivalent
ligation of integrins and LPAR1 by via the LPE endocytic transport pathway. Thus, UDCA-LPE emerges
as drug candidate for treatment of liver fibrosis by inhibiting integrin signalling via its internalization.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
3254/s1.
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ERK extracellular signal-regulated kinase
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Abstract: A present review is devoted to the analysis of literature data and results of own research.
Skeletal muscle neuromuscular junction is specialized to trigger the striated muscle fiber contraction
in response to motor neuron activity. The safety factor at the neuromuscular junction strongly
depends on a variety of pre- and postsynaptic factors. The review focuses on the crucial role of
membrane cholesterol to maintain a high efficiency of neuromuscular transmission. Cholesterol
metabolism in the neuromuscular junction, its role in the synaptic vesicle cycle and neurotransmitter
release, endplate electrogenesis, as well as contribution of cholesterol to the synaptogenesis, synaptic
integrity, and motor disorders are discussed.
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1. Introduction

Reliable transmission of brain commands through motor nerve to skeletal muscle and physical
activity are required to maintain both motor function and muscle mass and, thus, important to ensure
a healthy life. Skeletal muscle neuromuscular junction (NMJ) represents specialized region where the
axon of a motor neuron establishes synaptic contact with a striated muscle fiber. The efficiency of the
neuromuscular transmission strongly depends on a variety of pre- and postsynaptic factors [1,2].

Proteins that regulate quantal neurotransmitter release are clustered at specialized regions of
the presynaptic membrane, called active zones (AZs). AZs represent highly specific compartments
that contain synaptic vesicles (SVs) and serve as a molecular platform for precise spatial and
temporal control of vesicle fusion and quantal neurotransmitter release [3]. Following release
from the motor nerve terminals, neurotransmitter acetylcholine (ACh) diffuses across the synaptic
cleft; during this travel ACh molecules are partially hydrolyzed by the enzyme acetylcholinesterase
(AChE). The remaining ACh molecules interact with the postsynaptic nicotinic acetylcholine receptors
(nAChRs), which are distributed at very high densities (~10,000/μm2) at the crests of the primary
postsynaptic folds of the adult NMJ [4]. Molecules of ACh released from one SV (a ‘quantum’ of
transmitter) activate approximately two thousands of nAChRs, leading to opening cationic channels
of the nAChRs and a net influx of positive ions. The latter produces a local transient (within
milliseconds) small (~1 mV) depolarization, called the miniature endplate potential (MEPP). MEPPs
occur spontaneously without presynaptic action potential (AP); the frequency of MEPPs reflects
spontaneous neurotransmitter release. Motor neuron activity is translated to firing of APs, which,
upon arriving to nerve terminals, trigger release of the multiple SVs. As a result, greater levels
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of neurotransmitter in synaptic cleft produces more depolarization than MEPP called the endplate
potential (EPP). This local depolarization extends towards the depths of the secondary synaptic folds
where, in turn, the voltage-gated sodium channels are located. The sodium channel’s opening triggers
the AP generation, thereby transforming the local EPP into propagating AP of the muscle fiber.

The fidelity of the neuromuscular transmission will depend on whether the EPP amplitude
exceeds the threshold for muscle AP generation. The EPP amplitude depends on the amount of ACh
quanta released (quantal content) and individual quanta size, AChE activity, the density of the nAChRs
packaging, and the resting membrane potential (RMP). The AP generation threshold (membrane
excitability) also depends on the RMP [5]. The term ‘safety factor’ refers to the ability of neuromuscular
transmission to be effective and is quantified by the ratio of the EPP amplitude to AP generation
threshold [1,2]. In different muscles, depending on their specialization, the value of the safety factor
ranges from 2 to 5, however, it can decrease under various physiological and pathophysiological
conditions such as fatigue, injury or diseases [1,6,7].

A normal segregation of plasma membrane lipid phases is vital to the maintenance of membrane
fluidity, curvature, ion channel, transporter functions, as well as compartmentalization. Importantly,
membrane proteins that encompass about 50% of the cell membrane are often cocrystalized with
membrane cholesterol [8]. Cholesterol’s presence in membranes regulates the function of many
proteins, including transporters, receptors, and ion channels. There are two main ways of how
cholesterol can affect protein properties. First mechanism is through specific binding of cholesterol
with high affinity sites. This may contribute to control of protein conformation and function.
Second mechanism is dependent on the nonspecific physicochemical influence of cholesterol on
membrane fluidity and thicknesses that consequently affects numerous protein-dependent processes.
Distinguishing between mechanisms of cholesterol action can be challenging [8,9].

The basic principles of lipid-protein interactions have still not been completely elucidated.
Cholesterol-associated changes impact membrane fluidity and stiffness, lateral lipid diffusion, protein
mobility, excitability, and a variety of other key functional membrane properties including fusion
and fission. In addition, membrane cholesterol modulates interactions between the lipid bilayer and
ions environment as well as the interplay between plasma membrane and underlying cytoskeleton
suggesting the involvement in mechanotransduction. Cholesterol is also a key molecule in the
formation of lipid rafts known as molecular platform involved in numerous cellular processes like
apoptosis, signaling, and cell differentiation. Little is known, however, about the precise consequences
of changes in membrane cholesterol levels of different cell type. Notably, responses to membrane
cholesterol enrichment or depletion vary depending on cell type and can be very complex and
unpredictable [10–14].

While the essential role of cholesterol for many vital functions is well documented, much less
is known about its role at the NMJ, in particular, in maintaining the safety factor for neuromuscular
transmission. The review focuses on the crucial role of cholesterol to maintain a reliability of
neuromuscular transmission in health and diseases.

2. Cholesterol Production

Cholesterol production is energetically expensive and requires more than 30 enzymatic reactions.
Different cells in nerve system have a different capacity to produce cholesterol. Oligodendrocytes
are characterized by a higher capacity than astrocytes which in turn, had at least 2–3-times higher
ability to cholesterol synthesis than neurons [15]. During nerve system development the intensity
of cholesterol synthesis by different cells undergoes significant changes. Cholesterol production
by oligodendrocytes is responsible for the great increase in cholesterol content at period of active
myelinization with its peak during the first postnatal weeks. After myelinization, synthesis occurs at
low rate in nerve system of adult mammalians [16]. Before glial cell differentiation, a neuron could
cover its own cholesterol requirements by producing cholesterol. In the postnatal period, neuronal
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ability to cholesterol production is strongly reduced and neurons rely on the cholesterol mainly
synthesized in glia [17,18].

Neuronal requirements for cholesterol are extremely high, as it is indispensable for formation
of synaptic membranes [17]. Studies in central and neuromuscular synapses suggest that all steps of
SV cycle (exocytosis, endocytosis and vesicular traffic) could be dependent on cholesterol content in
presynaptic membrane and membrane of SVs [19,20]. The presynaptic part of NMJs is far from the
motor neuron soma, where the main biosynthetic apparatus is located, and this part is adapted to
translate high frequency patterns of motor neuron activity to muscle. To prevent the loss of connectivity,
pre- and postsynaptic compartment are tightly stickled by extracellular matrix and presynaptic part is
covered by Schwann cell. Accordingly, mechanism of cholesterol delivery to neurons and maintenance
of cholesterol steady state level in synapse should be crucial for neurotransmission, especially in
presynaptic compartment of NMJs. The best candidate to provide NMJs with cholesterol is terminal
Schwann cell, which can produce apolipoprotein (particularly, apolipoprotein E) and cholesterol
containing particles. Consistent with this, stimulation of apolipoprotein receptors are important for
the formation, maintenance and regeneration of peripheral NMJs [21,22].

Skeletal muscles comprise approximately 50% of total body weight and contain T-tubule
membranes, enriched with cholesterol. Cholesterol sources for muscle are both local biosynthesis
and uptake from the circulation. The later has a predominant relevance and high-rich diet could lead
to enrichment of muscle fiber membranes with cholesterol [23,24]. However, certain basal level of
local cholesterol production in the skeletal muscle is probably essential as inhibition of cholesterol
synthesis (with statins) caused muscle fatigue and weakness. This may be linked with both the high
requirements of cholesterol for muscle membrane remodeling, and the importance of cholesterol
biosynthesis intermediates (e.g., ubiquinone, dolichol, farnesyl, and geranyl pyrophosphates) [25].
Additionally, skeletal muscle can store cholesterol in the form of cholesterol esters in lipid droplets,
and their accumulation could be accompanied by myopathy [26]. Cholesterol elimination from muscle
membranes theoretically may be linked with muscle activity. Membrane cholesterol is susceptible
to oxidation by reactive oxygen species (ROS) [27] and ROS produced during muscle loading
could oxidize membrane cholesterol, leading to cholesterol elimination in the form of oxysterols.
Oxysterols can activate nuclear liver X receptor in skeletal muscle [28,29] and, thus, trigger increased
cholesterol synthesis and (or) uptake to compensate cholesterol elimination. Therefore, skeletal muscle
cholesterol metabolism probably relies on balance between cholesterol synthesis, consumption, storage,
and elimination.

3. Cholesterol and Quantal Neurotransmission Release

Motor nerve endings are specialized on fast neurotransmitter release in response to arriving
AP. Neurotransmitter molecules are packed into SVs which distributed into cytoplasm near sites of
exocytosis. Small population of SVs is docked at the presynaptic membrane in specialized regions, AZs.
Some of these SVs, consisting of ready releasable pool, are able to fuse with short delay after Ca2+ influx
through voltage-gated Ca2+ channels located within membrane of the AZ. After exocytosis, lipid and
protein components of vesicular membrane are internalized by endocytotic mechanism. Newly formed
endocytotic vesicles may be repeatedly used for neurotransmission after refilling with neurotransmitter.
Thus, synaptic activity is accompanied by SV exo-endocytotic cycles (recycling) [19,30]. These cycles
put several challenges for presynaptic machinery. First, fast and intensive exocytosis and compensatory
endocytosis require changes in membrane curvature and rigidity; second, SV and AZ membranes have
specific protein–lipid composition, which should be maintained, despite fusion of the SVs into the
presynaptic membrane; third, AZ, and surrounding presynaptic membranes (peri-AZ) should have
different properties to allow fast exocytosis and relatively fast endocytosis; forth, during innervation
and reinnervation membrane properties should be different to easily adapt shape of distal axon to
target postsynaptic compartment. Of course, protein-based mechanisms are primary responsible
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for resolving these challenges, but cholesterol as one of the main component of presynaptic vesicle
membranes are involved in maintenance of presynaptic function [31].

Initially, in electron microscopic study it was found that sterol-binding antibiotic filipin did not
form complex with cholesterol in AZs in the frog nerve terminals. At the same time, filipin–sterol
complexes were detected in most axonal areas, including regions of nerve terminals lacking AZ,
and membranes of Schwann cell membranes [32]. Moreover, during degeneration or regeneration,
despite AZ disorganization or presence in primitive form (without normal double row organization)
filipin–sterol complexes were excluded from these membrane sites, while Schwann cells occupied
synaptic gutters displayed high abundance with filipin–sterol complexes [33]. At the same time, more
intensive filipin staining was detected in axons of crayfish, frog, mouse, and rat, suggesting cholesterol
abundance in nerve terminals [34–36]. This cholesterol could organize membrane microdomains, lipid
rafts. Indeed, axonal synaptic membranes of frog, mouse and rat showed a high intensity of staining
with lipid raft markers [35,37–39]. Moreover, acute cholesterol depletion with methyl-β-cyclodextrin
(MβCD) led to decrease a lipid raft labeling [37,39]. All together, these results suggest that the
membrane regions of AZ can have a relatively low cholesterol content, but other regions of the
presynaptic membranes are cholesterol rich and contain lipid rafts, which could organize fence around
AZ. Thus, presynaptic membrane cholesterol could have functional rather than structural meaning for
SVs exocytosis.

It is conceivable that cholesterol within and in close vicinity of exocytotic sites could have a
regulatory role and be kept lower for maintenance of regulation range. In a pioneer study by Zamir
and Charlton [34] it was found that cholesterol depletion blocked evoked neurotransmitter release,
without marked postsynaptic effects. Suppression of evoked neurotransmitter release was linked
with hyperpolarization of presynaptic axon and lack of AP propagation, whereas Ca2+-dependent
exocytosis functioned and spontaneous exocytosis was even enhanced. All these effects were
reversed by cholesterol supplementation. This study points to importance of cholesterol level for
presynaptic transmitter release. Cholesterol depletion suppressed evoked neurotransmitter release,
but increased spontaneous exocytosis in frog and mice NMJs as well as central synapses [40–45].
Thus, cholesterol level could determine the ratio between spontaneous and evoked neurotransmission.
In context of NMJs, it means that lower cholesterol content could lead to decrease safety factor
due to suppressed AP-evoked exocytosis and increased energy expenditure and desensitization of
postsynaptic receptors as a result of upregulated spontaneous neurotransmitter release. Notably,
that enhanced spontaneous exocytosis could facilitate uptake of extracellular macromolecules, as
was shown for botulin neurotoxin A [46]. Speculatively, it may be a part of homeostatic response to
cholesterol depletion, because compensatory endocytosis following by exocytosis could internalize
of cholesterol-containing lipoprotein particles, which are likely main source of cholesterol for motor
nerve terminals.

Several signaling mechanisms could be responsible for increased spontaneous exocytosis after
cholesterol depletion. In frog NMJs, decreased cholesterol content led to increase in NADPH
oxidase-dependent ROS production, which stimulated an increase in cytosolic Ca2+ (probably via TRPV
channels) and, subsequently, calcineurin (phosphatase PP2B) activation, which, in turn, facilitates the
involvement of SVs to spontaneous exocytosis. Under these conditions, increased ROS production
led to marked lipid peroxidation of synaptic membranes [41]. Moreover, activation of protein kinase
C in response to cholesterol depletion can support SV exocytosis in full mode, whereas inhibition
of protein kinase C (but not phospholipase C) converts exocytosis to kiss-and-run mode (when
transmitter release occurs through transient fusion pore) in frog NMJs [42]. Involvement of protein
kinases A and C in the effect of cholesterol depletion on spontaneous neurotransmitter release was
also observed in central synapses [47]. Notably, cholesterol depletion may provoke spontaneous
exocytosis from separate SV pool, which reluctantly participates in evoked neurotransmitter release
in frog NMJs [44]. Thus, presynaptic cholesterol level acting via signaling mechanism can limit both
spontaneous neurotransmitter release and overactivation of protein kinases, phosphatase PP2B as well
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as production of ROS and increase in cytosolic Ca2+. This housekeeping role of membrane cholesterol
in NMJs could maintain neuromuscular transmission and signaling at steady state level.

Molecular study indicates that SV membrane contains very high amount of cholesterol [48].
Decreased cholesterol content in membranes of SVs in Drosophila, frog and rat NMJs as well as central
synapses led to inhibition of SV endocytosis and recycling [36,40,49,50]. Furthermore, in Drosophila
NMJs, cholesterol extraction from SV membranes caused dispersion of SV proteins (synaptotagmin,
VGLUT, and CSP) throughout presynaptic membrane and disturbance of actin polymerization,
suggesting requirement of vesicular cholesterol for maintenance of protein composition of SVs and
regulation of cytoskeleton dynamic [51]. Therefore, vesicular cholesterol is essential for SV endocytosis
and could serve as glue for keeping SV proteins and lipids in one membrane microdomains (lipid rafts),
which are selectively trapped by endocytotic mechanism [35,52]. Along with this, antiganglioside GM1
antibodies (hallmark of Guillain–Barré syndrome leading to acute motor axonal neuropathy), which
recognize components of lipid rafts, are intensively uptaken by motor nerve terminals, counteracting
damage of the nerve terminals [53].

SV exocytosis is a major mechanism of neurotransmitter secretion. However, nonvesicular
(nonquantal) secretion of neurotransmitter also occurs in NMJ and central synapses. The functional
role of this type of ACh secretion is elusive. In rat NMJs, depletion of cholesterol from SV membranes
led to an increase in nonquantal ACh release due to the incorporation of neurotransmitter transporters
(in particular, vesicular ACh transporter) into the presynaptic membrane and enhancement of
ACh/H+ exchange [36]. Thus, cholesterol level in SVs could limit neurotransmitter leakage via
nonquantal release.

4. Effects of Cholesterol Derivatives on Neurotransmitter Release and Synaptic Vesicle Cycle

Cholesterol is oxidized by ROS and specific enzymes to oxysterols, which could modulate multiple
processes, linked with inflammatory reactions and neurodegeneration [19,54,55]. Synaptic transmission
in NMJs of frog and mouse was a high sensitive to different oxysterols and enzymatic cholesterol
oxidation [37–39,56,57]. 24S-hydroxycholesterol (24HC) is a product of cholesterol metabolism,
which is generated specifically in brain and passes across a blood–brain barrier into the circulation.
The levels of 24HC in the circulation are significantly changed at early and (or) advanced stage
of neurodegenerative disease [15,19,54]. 24HC (0.4–4 μM; 1/3 h-application) enhanced synaptic
transmission in mice NMJs due to increase in a rate of SVs recycling. The mechanism of 24HC action
was linked with decreased NO production, likely by endothelial NO synthase [57]. Activity of this
enzyme is dependent on its association with lipid rafts, partially, via caveolin-dependent mechanism.

In an amyotrophic lateral sclerosis (ALS) mouse model carrying a mutant superoxide dismutase
1 (SOD1G93A) 24HC also decreased NO production, but led to an opposite effect on neuromuscular
transmission, because the role of NO is likely reversed in ALS mice as compared to wild type mice.
Increased NO synthesis promoted SV exocytosis during intense activity in SOD1G93A mice, but it
suppressed the exocytosis in wild type mice [39]. Probably, attenuation of NO production was mediated
by increased lipid raft integrity in response to 24HC. Indeed, disturbance of lipid rafts prevented the
effect of 24HC on NO synthesis [39]. However, it is unclear why NO had opposite actions in the ALS
versus wild type mice. It is conceivable that increased mitochondrial ROS production [58] could invert
the effect of NO at the NMJs of SOD1G93A mice. For example, peroxynitrite formed from the reaction
between NO and ROS can promote exocytosis probably due to direct modification of AZ proteins
SNAP-25 and Munc18 [59]; while NO, acting as retrograde messenger, may inhibit neurotransmitter
release due to activation of guanylyl cyclase/cGMP pathway [60] or direct S-nitrosylation of SV
fusion-clamp protein complexin [61].

Another oxysterol, 5α-cholestan-3-one (5Ch3), is produced as an intermediate sterol in the
biosynthetic pathway for cholestanol. The levels of 5Ch3 were increased in Cerebrotendinous
xanthomatosis patients [62], having muscle dysfunction. 5Ch3 (0.2 μM) decreased the amount of
SVs which were actively involved in neurotransmitter release in mouse NMJs. The effect of 5Ch3 was
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linked with decrease in lipid raft integrity and was dependent on membrane cholesterol content [37].
Similarly, 5Ch3 reduced lipid raft integrity and the number of SVs participating in exo- and endocytosis
during synaptic transmission in frog NMJs [38]. In contrast, structurally similar oxysterol olesoxime
(cholest-4-en-3-one, oxime; TRO19622) increased evoked ACh release as well as the number of SVs
involved in exo-endocytosis and the rate of SV recycling. Moreover, olesoxime was able to increase
lipid raft integrity in frog NMJs [38]. Note that olesoxime is potential neuroprotective compound in
models of ALS, multiple sclerosis, Parkinson’s, and Huntington’s disease [63–66]. These data show that
these oxysterols induce marked different changes in neuromuscular transmission which are related
with the alteration in SV cycle and lipid raft behavior.

Similarly, oxidation of endogenous cholesterol by cholesterol oxidase significantly impaired lipid
raft integrity as well as affected mode of SV exocytosis (toward to kiss-and-run mechanism) and
disturbed SV clusterization [56]. The effects of cholesterol oxidase on SV cycle were different from
cholesterol depletion [40], suggesting that oxidative cholesterol derivative (cholest-4-en-3-one) could
mediate action of cholesterol oxidase. Taken together, oxidized cholesterol metabolites could present a
new class of presynaptic neurotransmitter release modulators, which may contribute to adaptation of
muscle activity to current physiological status of organism.

5. Cholesterol and Proteins Involved in Synaptic Vesicle Cycle

Cholesterol-interacting proteins could serve as transducer of changes in local cholesterol level to
presynaptic processes. Cholesterol microdomain can clusterize Ca2+ channels (e.g., N-, L-, and P/Q
types) in the presynaptic membrane of neuronal cells, affecting distance from the channels to the site
of exocytosis and, thus, neurotransmitter release [67–69]. Also, a main Ca2+ sensor—synaptotagmin
1—triggers SV exocytosis and is a lipid raft resident [70]. Studies with cholesterol depletion suggest
that neurotransmitter transporter distribution and (or) their activity in presynaptic terminals could be
dependent on cholesterol availability [36,71–73]. Also a vesicular H+ pump, which creates a proton
gradient for neurotransmitter flux into SV, was also found in cholesterol microdomains and cholesterol
depletion attenuated the H+-ATPase activity [74]. Cholesterol depletion could also suppress SV
swelling mediated by coordinated activity of H+ pump and water channel aquaporin-6 [75]. Several
studies suggested that clusterization of syntaxin, an essential component of exocytotic machinery,
is affected by membrane cholesterol [76] and depolarization of synaptosomal membrane increases
redistribution of syntaxin into lipid raft fraction [77]. Furthermore, cholesterol may be a part of the
fusion pore, connecting lumen of SV with extracellular space, and increasing cholesterol content favors
fusion pore opening [78,79]. This is in agreement with extremely high cholesterol content (40 mol%) in
SVs [48]. Interaction of most abundant SV protein, synaptophysin, with cholesterol could be important
for SV endocytosis [52]. Interestingly, a mutation in DJ-1 (a genetic factor for early-onset autosomal
recessive Parkinson’s disease) impaired SV endocytosis, without inducing structural alteration in
synapses, via a reduction in cholesterol level [80]. In addition, the main SV clustering protein synapsin
can affect cholesterol content in microdomains, promoting lipid raft formation [81].

Thus, changes in cholesterol levels can affect triggering exocytosis by Ca2+ (via Ca2+ channel
and synaptotagmin), SV fusion (syntaxin) and endocytosis (synaptophysin), vesicle refilling with
neurotransmitter (neurotransmitter transporters, H+ pump), and clusterization of SV (synapsin).
Of course, changes in intracellular signaling molecules (e.g., phospholipases, protein kinases, and small
GTPases) could mediate effects of cholesterol on synaptic transmission. Putative cholesterol-dependent
steps in presynaptic vesicular cycle and cholesterol-sensitive proteins are shown in Figure 1 and Table 1.
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Figure 1. Putative role of cholesterol in presynaptic processes. Cholesterol organizes microdomains in
presynaptic membrane and SVs. Several proteins, essential for presynaptic function, reside in these
microdomains, and/or directly bind with cholesterol. These interactions are involved in control of
multiple aspects of SV cycle that guarantees the maintenance of neurotransmitter release. Additionally,
numerous presynaptic G-protein coupled receptors (GPCRs) and signaling enzymes (e.g., protein
kinases and small GTPases), as well as a ROS-generating enzyme (NADPH oxidase), which regulates
the steps of the SV cycle, could be located in cholesterol-rich microdomains. SV exocytosis occurs
due to fusion of SVs from ready-releasable pool (RRP) with presynaptic membrane in AZ region.
Under condition of moderate motor nerve activity, replenishment of RRP is mediated by delivery
of SVs from recycling pool. After exocytosis, these SVs are able to rapidly recover through fast
endocytotic mechanism, refill with ACh (green circles), and repeatedly participate in neurotransmitter
release. Intense activation of motor neuron can led to mobilization of SVs from resting (reserve)
pool to the exocytotic sites. After massive exocytosis, the resting pool is replenished by mainly
slow endocytotic route (bulk endocytosis) associated with formation of endosome-like structures
in NMJs. The cytoskeleton can contribute to spatial organization of both SV pools and routes for
SV traffic. Key events, where the presence of cholesterol is required, are SV exocytosis (fusion pore
formation, Ca2+ triggering step), endocytosis (vesicular protein holding in cluster), SV refilling with
ACh (formation of proton gradient, exchange ACh and proton), SV clusterization (SV interconnections
by synapsins), limitation of ACh leakage via spontaneous (clamping of signaling enzymes activity and
ROS production), and nonquantal (decrease in activity of vesicular ACh transporter and H+-pump in
presynaptic membrane) secretion. Please, for details, see Sections 3 and 5.

AChE mainly resides in synaptic cleft, but the pool of AChE is located in association with lipid
rafts through a GPI anchor [82]. Close distribution of raft-linked AChE to plasma membrane enriched
with the receptors (e.g., M3 muscarinic receptors) could be important for control local levels of ACh
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near the receptors [83]. Accordingly, presence of cholesterol-rich microdomains may control sensitivity
of feedback mechanisms which regulate ACh release from nerve terminals. Moreover, cholesterol-rich
microdomains seem to be an important for development of depressant effect of ATP (cotransmitter of
ACh) on neurotransmitter release at the frog NMJ. This effect is realized via P2Y12 receptors and ROS
production by NADPH oxidase and it is reduced and largely delayed by cholesterol depletion [84].
In Drosophila NMJs, lipid rafts are required for presynaptic growth promoting effect of mannosyl
glucosylceramide, which facilitates presynaptic Wnt1/Wingless signaling [85]. Thus, cholesterol
is important component for coordination of receptor-dependent signaling, which regulates both
neurotransmitter release and presynaptic bouton formation.

Table 1. Some potential interactions between cholesterol and proteins involved in regulation of
neurotransmitter release from motor nerve terminals.

Protein
Role in Neuromuscular

Transmission
Potential Role of Interaction

with Cholesterol
Ref.

P2Y12 receptor Inhibition of ACh release Acceleration of the downstream
receptor signaling [84]

Ca2+ channels (N, L,
P/Q types)

Triggering SV exocytosis in
response to AP

Clusterization of channels near
exocytotic sites, thereby
facilitating exocytosis

[67–69]

NADPH oxidase (ROS
generating enzyme)

Regulation of AP-evoked
and spontaneous ACh

release
Limitation of background activity [41,84]

Proton pump
Formation of H+ gradient

necessary for SV filling with
ACh; regulation of SV size

Regulation of precise location and
potentiation of H+ transport

function
[74,75]

Signaling enzymes
(protein kinases A/C)

Control of neurotransmitter
release

Limitation of background activity
of the protein kinases [42,47]

Synapsin Clusterization of SVs in
pools

Lipid raft organization in SV
membranes [81]

Synaptophysin Regulation of exo- and
endocytosis

Induction of SV curvature during
endocytosis [52]

Synaptotagmin 1 A major Ca2+ sensor for
neurotransmitter release

Location in lipid rafts and precise
distribution in presynaptic

membrane
[51,70]

Syntaxin Component of SNARE
complex mediated SV fusion

Clusterization in membrane;
activity-dependent redistribution

in lipid rafts
[76,77]

Vesicular ACh
transporter

Uptake of ACh into SV,
nonvesicular ACh release

Precise location in SV membranes
and regulation of activity [36]

6. Cholesterol–Na,K-ATPase Interactions

Maintaining a steady state level of the RMP of muscle fibers is essential for the normal
functioning of skeletal muscle. Membrane depolarization leads to a decrease in EPP amplitude,
as well as inactivation of sodium channels and suppression of membrane excitability [1,6]. A smaller
EPP amplitude and higher the AP generation threshold reduce safety factor at the NMJ. Among
different mechanisms involved in maintaining skeletal muscle electrogenesis and contractile function,
the activity of Na,K-ATPase plays a crucial role [86,87]. This transport system, discovered by Dr. J.
Skou [88] (Nobel Prize in Chemistry, 1997), is an ubiquitous transmembrane protein that functions as a
Na,K pump. Na,K-ATPase catalyzes the active transport of K+ into and Na+ out of the cell, thereby
maintaining the steep Na+ and K+ gradients that provide electrical excitability and the driving force
for many other transport processes [86,87,89–91]. Na,K-ATPase is critically important for excitability,
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electrogenesis, and contractility of skeletal muscles, which contain the main pool of the whole body
Na,K-ATPase. The density of the distribution of Na,K-ATPase molecules in the sarcolemma is extremely
high and ranges from 1000 to 3350/μm2 [86].

The influence of cholesterol on transmembrane protein (receptors, ion channels, transporters)
function and properties is well established [8,9,92–94]. The function of Na,K-ATPase is also regulated
by the lipid environment and strongly depends on membrane cholesterol content [93]. This regulation
is realized via direct protein–lipid interactions or by influencing physical properties of the lipid
bilayer [8,93,95].

Na,K-ATPase is composed of α catalytic and β glycoprotein subunits. Four isoforms of the
α subunit are known to exist in tissues of vertebrates. It is generally accepted that the ubiquitous
α1 isoform plays the main housekeeping role while the other isoforms expressing in a cell- and
tissue-specific manner possess additional regulatory functions [89,90,96,97]. In skeletal muscles, the α1
and α2 isoforms of α subunit are coexpressed and the α2 Na,K-ATPase isozyme is predominant in
adult skeletal muscle [98,99]. Distinct isoform-specific functions of Na,K-ATPase α1 and α2 isozyme
in skeletal muscle are proposed [100–104]. The α2 Na,K-ATPase isozyme is specifically regulated
by muscle use and enables working muscles to maintain excitability, contraction and resistance to
fatigue [100–103]. Two main pools of the α2 Na,K-ATPase exist: the majority of α2 isozyme is expressed
in the interior transverse tubule membranes [102], which are highly enriched in sphingomyelin and
cholesterol compared to the surface sarcolemma [24]. The smaller α2 Na,K-ATPase isozyme pool is
localized to the junctional (endplate) membrane [100,103], where cholesterol and lipid rafts serve as a
potential signaling platform for nAChRs clustering [105,106]. Notably, these distinct α2 Na,K-ATPase
membrane pools are regulated differently [103]. Both these α2 Na,K-ATPase membrane pools display
the loss of electrogenic activity in response to hindlimb suspension (HS). However, the extrajunctional
pool depends strongly on muscle disuse, and even the increased protein and mRNA content as well as
enhanced α2 Na,K-ATPase membrane abundance after 12 h of HS cannot counteract this sustained
inhibition. In contrast, additional factors (possibly circulating factors related to HS) may regulate the
junctional α2 Na,K-ATPase pool that is able to recover during HS. Notably, acute, low intensity muscle
workload restores functioning of both pools [103].

Subcellular compartmentalization is one of the basic principles of cellular organization [107,108].
A certain pool of Na,K-ATPase is localized in specialized lipid microdomains of the
membrane—caveolae—where it forms regulatory multimolecular complexes and performs new
functions, in particular, signal transduction [109–113]. As regulators of protein functions in caveolae
and planar rafts may be the lipids themselves, including cholesterol. It was shown that cholesterol
interacts with caveolins, principal components of caveolar membranes. Presumably, the α1 isoform of
Na,K-ATPase contains binding sites for caveolin-1 located near the M1 and M10 transmembrane
domains and interacted with the N-terminus of caveolin-1 [112,114,115]. Notably, caveolin-1 is
involved in regulation of intracellular cholesterol traffic [116]. In experiments on cell lines, it has
been shown that α1 Na,K-ATPase, through interaction with caveolin-1, participates in the distribution
of cholesterol between intracellular membranes and the plasma membrane. On the one hand, the
impaired expression of α1 Na,K-ATPase affects the formation of caveolae, cholesterol synthesis, and its
traffic [117]. On the other hand, cholesterol itself is involved in the regulation of Na,K-ATPase. Thus,
the reduction of cholesterol level in the plasma membrane stimulates endocytosis and degradation of
α1 Na,K-ATPase via Src- and ubiquitin-dependent regulatory pathways [118]. The data obtained on
the cell lines suggest the possibility of mutual regulation between cholesterol and α1 Na,K-ATPase
which is carried out with the participation of caveolin-1.

In skeletal muscle, MβCD-induced partial membrane cholesterol removal selectively decreases
the α2 Na,K-ATPase isozyme electrogenic activity without changing the α1 isozyme activity [119].
A similar specific dysfunction of the α2 Na,K-ATPase isozyme is also observed under the conditions of
partial loss of membrane cholesterol in response to skeletal muscle motor unloading (disuse) [120].
Conversely, specific inhibition of the α2 Na,K-ATPase activity by ouabain induces a disturbance of lipid
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rafts due to partial cholesterol loss [120]. Collectively, these findings, obtained in alive skeletal muscles,
suggest the reciprocal interactions between membrane cholesterol and the α2 Na,K-ATPase activity.
It is important to note that the listed changes were most pronounced in the junctional membrane
region [119,120].

While the molecular mechanisms of Na,K-ATPase regulation by surrounding lipids is being
studied [93,95,121], little is known on how α2 Na,K-ATPase may regulate lipid raft stability.
For example, this regulation may be mediated by α2 Na,K-ATPase ouabain receptor site. Notably,
ouabain inhibits Na,K-ATPase transport by stabilizing the enzyme in an E2 conformation. Three specific
lipid/Na,K-ATPase interactions are proposed that either stabilize the protein or stimulate/inhibit
Na,K-ATPase activity, with separate binding sites and distinct kinetic mechanisms. Both stimulatory
and inhibitory lipid interactions poise the conformational equilibrium toward the E2 state [121].
Altogether, these findings lead us to propose that reciprocal interactions between cholesterol and α2
Na,K-ATPase is more favored in the E2 enzyme conformation.

Regulation of α2 Na,K-ATPase is also specifically determined by its less stable integration into
the lipid membrane compared with other α subunit isoforms. When studying Na,K-ATPase using
Pichia pastoris yeast as an expression system, lipids, including cholesterol, have been shown to play an
important role in stabilizing the Na,K-ATPase in the plasma membrane, and in an isoform-specific
manner. Thus, a number of altering factors (heating, the use of detergents) predominantly affect
the stability of insertion of the α2 Na,K-ATPase into the membrane compared to the α1 and α3
isoforms [122]. It is assumed that the relatively lower stability of the α2 isoform is due to the
peculiarities of its transmembrane domains M8, M9, and M10, which are responsible for interaction
with phospholipids, as well as weaker association with protein FXYD1 (phospholemman, an auxiliary
regulatory subunit of the Na,K-ATPase) [123].

In sum, in skeletal muscle, the α1 Na,K-ATPase isozyme is functionally more stable compared
with the α2 isozyme, whose adaptive plasticity is determined by specific localization and regulation of
different enzyme pools and functional interactions with molecular environment including cholesterol.

7. Cholesterol–nAChR Interactions

Localization of neurotransmitter receptors in lipid microdomains and their interaction with
cholesterol play an important role in the synaptic function and its plasticity, as well as in the
development of a number of neurodegenerative diseases [54,124–126]. One of the important effects
of the lipid environment is a change in receptor kinetics and their affinity for specific ligands. These
changes can be explained both by the modulating effect of cholesterol due to its direct interaction with
receptors, and by changing the properties of the membrane lipid bilayer [92,127–129].

nAChRs, as well as Na,K-ATPase, are integral membrane proteins that play key roles in membrane
excitation. Role of cholesterol in the endplate membrane integrity is poorly understood due to deficit
of ex vivo and in vivo studies. Both cholesterol and the nAChRs are localized at the junctional
region (Figure 2A) and lipid rafts serve as a signaling platform for nAChRs clustering [105,106].
Previous investigations have demonstrated a direct molecular interaction between cholesterol and the
nAChRs [92,130–132]. Surrounding lipids influence nAChRs kinetic mechanisms and cholesterol is
critical for the channel function [129].
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Figure 2. Cholesterol as a part of nAChR/α2Na,K-ATPase multimolecular regulatory complex. (A) The
nAChRs and lipid rafts reside at the endplate region. A single endplate of rat soleus muscle was
dual-labeled with α-BTX (nAChRs, red channel) and fluorescent cholera toxin B subunit to stain lipid
rafts (CTxB, green channel). Overlap (orange channel). (B) The nAChR and the α2 Na,K-ATPase
colocalization at the muscle endplate. A single endplate of mouse extensor digitorum longus
muscle was dual-labeled with α-BTX (nAChRs, red channel) and BODIPY-conjugated ouabain (α2
Na,K-ATPase, green channel). Overlap (orange channel). Scale bars, 10 μm. (C) Hypothetical scheme of
nAChR/α2Na,K-ATPase/Caveolin-3/Cholesterol interactions stimulating electrogenic active transport
to hyperpolarize the resting membrane potential (RMP). Modified from Petrov et al. (2017) ref. [120]
(A) and Heiny et al. (2010) ref. [100] (B).

Cell studies suggest that peripheral membrane proteins, like rapsyn, contribute to organization
of nAChRs cluster (prototype of postsynaptic nAChRs cluster) and cholesterol rich-microdomains
are required for intracellular sorting and targeting of the nAChRs and rapsyn into the plasma
membranes [133,134]. Also, lipid rafts and cholesterol content could be essential in the initial clustering
and later stabilization of nAChRs clusters and organization signaling complex, including nAChRs,
rapsyn, MuSK, and Src-family kinases [106,135,136]. Lipid rafts may regulate nAChRs clustering
by facilitating the agrin/MuSK signaling and the interaction between the nAChRs and rapsyn;
conversely, membrane cholesterol depletion inhibits nAChRs cluster formation [105]. Also, membrane
cholesterol depletion disturbs the sarcolemma distribution of β-dystroglycan and its interaction with
dystrophin [137], a key protein of the endplate integrity. Cholesterol stabilized nAChRs cluster
in denervated muscle and could trigger maturation of nerve sprout-elicited nAChRs cluster into
a “pretzel” shape [90]. An actin polymerization-dependent mechanism could facilitate lipid raft
coalescence and thereby the formation of large nAChRs clusters [138].

Prolonged nerve activity and other conditions such as myopathy led to membrane depolarization.
This depolarization causes inactivation of the sodium channels (localized at the bottom of postsynaptic
folds), which plays an essential role in the loss of muscle fiber excitability [5]. The reduction of
the excitability is most severe for the junctional region of the sarcolemma, where the local EPP is
transformed into propagating AP.

Membrane depolarization increases the threshold of muscle AP generation and reduces the
safety factor of neuromuscular transmission; hyperpolarization has the opposite effects [2]. In this
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regard, the fact that the junctional membrane of mammals is hyperpolarized by 2–4 mV compared
to the extrajunctional region of the sarcolemma is especially important. Presumably, this local
hyperpolarization resulted from the activation of Na,K-ATPase by nonhydrolyzed ACh, which is
constantly present in the synaptic cleft in nanomolar concentration even with active AChE [139,140].
This residual ACh remains in the synaptic cleft for some time following quantal transmitter release,
and also appears due to nonquantal ACh release. The physiological consequence of a local
junctional membrane hyperpolarization is expected to be more effective muscle excitation and
neuromuscular transmission.

A regulatory mechanism whereby nAChR and α2 Na,K-ATPase functionally and molecularly
interact to modulate the RMP of skeletal muscle was identified [96,100,141]. The nAChR/Na,K-ATPase
reciprocal interactions were demonstrated in a purified membrane preparation from Torpedo californica,
enriched by nAChRs and Na,K-ATPase [100,141]. In this preparation, specific ligand binding to the
nAChRs modulates specific ligand binding to the Na,K-ATPase and vice versa, suggesting the direct
molecular interaction between these two proteins. Notably, similar reciprocal interaction between
nAChR of neuronal type and Na,K-ATPase was further confirmed in an insect nervous system [142].

Moreover, the α2 Na,K-ATPase isozyme is enriched in junctional membrane region where it
colocalizes with the nAChRs (Figure 2B). These proteins coimmunoprecipitate with each other, as well
as with phospholemman (FXYD1 protein) and caveolin-3 [100]. Caveolin-3 is enriched at the junctional
region where it co-localized with the nAChRs and promotes their clustering in the endplate membrane.
The α subunit of the nAChR has a putative caveolin-binding motif and a lack of caveolin-3 inhibits
nAChR clustering [143]. Also, the caveolin/Na,K-ATPase interactions are well-documented [112,114].
Since caveolin-3 is associated with caveolae in fully differentiated skeletal muscles [144], the nAChR/α2
Na,K-ATPase interaction likely takes place within caveolae [100].

In this interaction, the binding of ACh at nanomolar concentrations to the nAChRs
stimulates electrogenic transport by the α2 Na,K-ATPase isozyme, causing a local junctional
membrane hyperpolarization. Notably, the nAChRs oscillate between resting (micromolar affinity
for ACh), open or desensitized (nonconducting state with nanomolar apparent affinity for ACh)
conformations [145,146]. Micromolar concentrations of ACh promote channel opening following by
spontaneous transitions into the desensitized state. Desensitization of the nAChRs can also occur
without channel opening and is favored by prolonged exposure to low concentrations of agonist.
Moreover, a number of facts suggest that it is the conformational change to desensitized state of the
nAChRs that is responsible for the interaction with the α2 Na,K-ATPase [96,100]. Cholesterol and
other lipids influence the rates of transitions between different nAChRs conformational states and
a “conformational selection” model proposed that cholesterol modulate the equilibrium between
resting and desensitized states [129]. In addition, sarcolemma cholesterol specifically contributes
to maintaining endplate electrogenesis and cholesterol depletion by MβCD selectively decreases
the α2 Na,K-ATPase isozyme electrogenic activity and eliminates local hyperpolarization [119]
suggesting the involvement of cholesterol in formation and function of the nAChR/α2 Na,K-ATPase
molecular complex.

Collectively, these findings suggest a mechanism by which the nAChRs in a nonconducting,
desensitized state, with high apparent affinity for ACh, directly interacts with the α2 Na,K-ATPase
to stimulate electrogenic active transport. The interaction utilizes a membrane-associated regulatory
complex that includes the nAChR, the α2 Na,K-ATPase, FXYD1, caveolin-3 and cholesterol and is
responsible for maintaining RMP and muscle excitability during intensive muscle use (Figure 2C).

8. Cholesterol and Motor Dysfunction

Physical exercise is extremely important to ensure a healthy life and, particularly, is essential
for lipids metabolism [147]. While the impact of cholesterol and lipid rafts in pathogenesis of
neurodegenerative disorders is well documented [54,124–126] much less is known about the role
of cholesterol in neuromuscular disorders.
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ALS is known to have a severe dysfunction of NMJs. Hence, ALS mouse model is an extensively
studied model for NMJ diseases. The progression of ALS could be attributed to the alterations
in cholesterol metabolism. High levels of plasma cholesterol and low density lipoprotein have
neuroprotective effects in ALS patients, whereas inhibition of cholesterol synthesis with statins
aggravates ALS progression [148–150]. Excess cholesterol could facilitate production of oxysterols
which are ligands for liver X receptors (LXR). These receptors are expressed in skeletal muscles and
the number of NMJs reduces in LXRβ-deficient mice [151]. Moreover, ablation of LXRβ led to an
ALS-like pathology [152,153] and polymorphism of LXRs significantly affects ALS phenotype [154].
Stimulation of LXRs by oxysterols may decrease inflammation, increase antioxidant defense and affect
lipid metabolism, thereby reducing the muscle damage [29]. However, certain oxysterols can have toxic
effects. Notably, the plasma levels of 25HC were markedly increased in ALS patients and correlated
with the disease severity [155]. One of the main sources of 25HC is mast cells and macrophages that
may come into contact with degenerating NMJs, thereby accelerating axonopathy in the SOD1G93A

rats [156]. Lipid raft alterations can contribute to ALS progression. Decrease in lipid raft scaffold
protein caveolin-1 was found in skeletal muscle of SOD1G93A mice [157]. Additionally, omics analysis
suggested that changes in abundance of numerous protein-residents of lipid rafts occur in spinal cord
of ALS model mice [158]. In diaphragm, staining with lipid raft marker showed the presence of two
populations of NMJs in SOD1G93A mice containing less and more lipid rafts [39]. This may reflect the
co-occurrence of opposite processes: a progressive NMJ dysfunction and a compensatory enhancement
of synaptic function in the remaining NMJs.

The latest data indicate the leading role of motor activity in maintaining the level of membrane
cholesterol. Recently, it has been shown that increased plasma lipid levels exacerbate muscle pathology
in the mdx mouse model of Duchenne muscular dystrophy [159]. Another neuromuscular disorder
is dysferlinopathy, induced by a deficiency of dysferlin protein. Dysferlin plays a key role in the
multimolecular complex responsible for the repair of the integrity of sarcolemma during contractile
activity. Dysferlin-deficient Bla/J mice (one of the models of dysferlinopathy) are also characterized
by impaired lipid metabolism [160]. Notably, both mdx and Bla/J mice models are characterized
by membrane depolarization resulting from lowered Na,K-ATPase electrogenic activity [6,161].
Dysferlin is a membrane-associated protein implicated in vesicle fusion, trafficking, and membrane
resealing. Loss of dysferlin has a wide range of implications, such as decrease in membrane integrity,
disturbances of the dynamics of membrane-associated molecules, Ca2+ dysregulation, Ca2+-induced
proteolysis, and oxidative stress [162,163]. Together, these processes contribute to increased levels of
necrosis and inflammation and result in the loss of motility. Furthermore, dysferlin-deficient muscles
demonstrated an impaired glucose and lipid metabolism. Progressive adipocyte replacement and
accumulation of lipid droplets within dysferlin-deficient myofibers [160] as well as extramyocellular
lipid deposition [164,165] were observed. New evidence suggests that plasma membrane cholesterol
accumulation in mice fed on a western high-fat diet may contribute by damaging the cortical
F-actin structure that is essential for insulin-regulated GLUT4 translocation and glucose transport.
It was interesting to note that exercise training has a preventive effect [166]. Also, elevated plasma
cholesterol levels correlated with muscular pathology and can aggravate muscle fiber damage in
dysferlinopathies [167]. In sum, such lipid abnormalities accompanied by fundamental metabolic
disturbance suggest additional progressive decline of muscle function in dysferlinopathies.

Another muscular protein whose function could be linked with cholesterol availability is a
member of the synaptophysin family, Mitsugumin 29, which contains cholesterol-binding MARVEL
domain. Mitsugumin 29 is specifically located in the triad junction of muscle fibers and important
for T-tubule formation, efficient excitation–contraction coupling, Ca2+ signaling, and resistance to
fatigue [168–170]. Decreased expression of Mitsugumin 29 which leads to disturbance of triad junction
structure and Ca2+ signaling could be partially linked with contractile dysfunction during muscle
aging [171]. Similarly, cholesterol depletion affecting T-tubules reduced L-type Ca2+ current in freshly
isolated fetal skeletal muscle cells [172]. Interestingly, a low-frequency coding variant in the gene
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encoding Mitsugumin 29 was associated with morbid obesity, suggesting a link between Mitsugumin
29 and lipid metabolism [173].

NMJ ultrastructure undergoes continual morphological remodeling in response to changes in
the pattern of motor activity. Reduced activity (denervation, injury, bed rest and other form of
disuse, microgravity at spaceflight, muscle diseases, and aging) triggers alterations in NMJ stability
and integrity [174–176]. Even acute disuse (6–12 h of HS) disrupts plasma membrane lipid-ordered
rafts in sarcolemma of rat soleus muscle [120]. This disturbance is accompanied by membrane
depolarization due to loss of the α2 Na,K-ATPase electrogenic activity [103,177]. The greatest
disturbances are observed at the junctional membrane region [103]. Moreover, specific inhibition
of α2 Na,K-ATPase by 1 μM ouabain induces a disturbance of lipid rafts similar to that induced by
disuse alone [120]. In both cases, lipid rafts were able to recover with cholesterol supplementation,
suggesting that disturbance results from cholesterol loss. Repetitive nerve stimulation also restored
both α2 Na,K-ATPase electrogenic activity and lipid rafts integrity. These findings suggest that the
stability of lipid rafts is subject to regulation by skeletal muscle motor activity [120]. Intriguingly,
important role of sphingolipids (including ceramide) in regulation of skeletal muscle function in health
and disease is known [178] and it was shown that acute HS-induced cholesterol loss is accompanied
by ceramide accumulation [179]. These reciprocal ceramide/cholesterol changes may reflect the ability
of an excess of ceramide to displace cholesterol from sarcolemma [180].

Notably, adenosine monophosphate-activated protein kinase (AMPK) is an energy-sensing
enzyme that is known to be a key regulator of glucose, lipid, and protein metabolism in skeletal
muscle [181]. Particularly, AMPK has been implicated in control of sarcolemma cholesterol
levels [166,182]. In addition, AMPK and AMPK-activated autophagy have been implicated in NMJ
remodeling [183–185]. Lowered contractile activity should provide an accumulation of phosphorylated
high-energy phosphates. Consistent with this, decreased phosphorylation of AMPK during 6–24 h of
HS was demonstrated in rat soleus muscle [186–188].

These results provide evidence to suggest that the ordering of lipid rafts strongly depends on
motor nerve input and may involve interactions with the α2 Na,K-ATPase and AMPK. Lipid raft
disturbance, accompanied by the loss of α2 Na,K-ATPase activity and decreased phosphorylation
of AMPK, are among the earliest remodeling events induced by skeletal muscle disuse. However,
we should note that the effects of prolonged immobilization or unloading regarding skeletal muscle
membrane remain poorly understood. Continuous membrane stretch can modulate the activity
of channels and hence the dynamics of a variety of molecules incorporated into the lipid bilayer.
Accordingly, stretch-induced lipid stress may trigger membrane remodeling including changes in
cholesterol distribution. Thus, the question of whether membrane cholesterol disturbance results from
muscle inactivity per se, or mediated by sarcolemma stretching, remains open.

9. Conclusions

Cholesterol, as important component of cell membranes, plays a crucial role in segregation of
plasma membrane lipid phases and is essential to maintain membrane fluidity, curvature, ion channel
and transporter functions, compartmentalization, and signaling. Cholesterol is specifically important
for synaptic function, and a link between impaired cholesterol metabolism and neurodegenerative
disorders is well recognized. However, much less is known about the role of cholesterol in peripheral
neuromuscular transmission and corresponding disorders. Our review is the first attempt to
summarize known experimental data on the role of cholesterol and its derivatives in the NMJ in
health and some motor dysfunctions. Accumulated novel date indicates that cholesterol is included
in all key pre- and postsynaptic processes on which the safety factor at the NMJ depends. Moreover,
an imbalance of cholesterol homeostasis accompanied by membrane cholesterol changes can modulates
these steps and disruption of lipid rafts is an early event in the disuse-induced muscle atrophy.
Possible cholesterol-dependent steps, essential for maintaining safety factor for the neuromuscular
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transmission, are summarized in Figure 3. Future studies will be required to identify the precise
molecular interactions between cholesterol and skeletal muscle motor activity.

Figure 3. Key pre- and postsynaptic points that cross-talked with plasma membrane cholesterol and
are responsible for the safety factor at the neuromuscular junction (NMJ).

Author Contributions: The authors contributed equally.

Funding: This review was funded by the Russian Science Foundation (RSF) Grant No. 18-15-00043 (for IIK,
Sections 1 and 6–9) and Russian Foundation for Basic Research Grant No. 17-04-00046 (for AMP, Sections 2–5).

Acknowledgments: We are very grateful to our colleagues A.L. Zefirov and V.V. Kravtsova for their seminal
contribution in our long-standing collaboration.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

α-BTX rhodamine-conjugated α-bungarotoxin
ACh acetylcholine
AChE acetylcholinesterase
ALS amyotrophic lateral sclerosis
AMPK 5′ adenosine monophosphate-activated protein kinase
AP action potential
ATP adenosine triphosphate
AZs active zones
5Ch3 5α-cholestan-3-one
CSP cysteine string protein
CTxB cholera toxin B subunit
EPP endplate potential
GPCRs G-protein coupled receptors
24HC 24S-hydroxycholesterol
HS hindlimb suspension
LXR liver X receptor
MβCD methyl-β-cyclodextrin
MEPP miniature endplate potential
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nAChR nicotinic acetylcholine receptor
NADPH nicotinamide adenine dinucleotide phosphate
NMJ neuromuscular junction
RMP resting membrane potential
ROS reactive oxygen species
SOD1G93A superoxide dismutase 1
SV synaptic vesicle
VGLUT vesicular glutamate transporter
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Abstract: This study aimed to characterize the full-length cDNA of MARK4 in Sus scrofa,
and evaluated its potential role in the regulation of lipid accumulation in pig placental trophoblasts
and analyzed signaling pathways involved, thereby providing insights into mechanisms for placental
lipotoxicity induced by excessive back-fat during pregnancy of sows. The cDNA obtained with 5′ and
3′ RACE amplification covered 3216 bp with an open reading frame of 2259 bp encoding 752 amino
acids. Multiple alignments and phylogenetic analysis revealed MARK4 protein of Sus scrofa had a
high homology (95%–99%) to that of other higher vertebrates. After transfection, enhanced MARK4
significantly promoted lipogenesis in pig trophoblasts, as evidenced by accelerated lipid accumulation
and consistently increased mRNA expressions of lipogenic genes DGAT1, LPIN1, LPIN3, LPL,
PPARδ and SREBP-1c. Meanwhile, PPARγ remarkably inhibited the stimulating effect of MARK4
on non-receptor-mediated lipid accumulation in trophoblasts. Further analyses revealed WNT
signaling enhanced lipid accumulation and activation of MARK4 in pig trophoblast cells. Finally,
we demonstrated that WNT/β-catenin signal pathway is involved in MARK4 activated lipogenesis.
These results suggest that MARK4 promotes lipid accumulation in porcine placental trophoblasts
and can be considered as a potential regulator of lipotoxicity associated with maternal obesity in the
pig placenta.

Keywords: MARK4; pig; lipogenesis; placenta; WNT; molecular cloning; PPARγ

1. Introduction

Obese pregnancy has been demonstrated to provoke an adverse intrauterine milieu, and as a result,
poor pregnancy outcomes in human beings and some animal species, such as pig [1,2]. Although the
connection between fetal development and maternal obesity is confirmed, the underlying mechanisms
connecting adverse maternal environment to the fetus remain elusive. As the interface between the
fetus and maternal environment, the placenta has become an important source of pathogenic factors
affecting fetal metabolism and development [3,4]. Recently, several studies suggested that maternal
obesity during pregnancy is associated with elevated maternal circulating levels of fatty acids and
inflammatory cytokines, resulting in a lipotoxic milieu within the placenta characterized by increased
placental lipid, inflammation and oxidative stress [5–7]. Lipotoxicity has been demonstrated to induce
placental dysfunction evidenced by maternal obesity associated dysregulation of lipid transport and
metabolism in the human or pig full-term placenta [8,9]. Recent evidences further revealed that
maternal obesity contributes to decreased placental efficiency (a ratio of fetal weight to placental
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weight) and excessive placental fat accumulation through an aberrant activation of WNT signaling
and PPARδ in placenta from an obesity-prone rat model [10], thus leading to compromised fetal
development. Furthermore, our studies showed that WNT signaling and inflammatory NF-κB and
JNK signaling are activated in term placenta from sows with excessive back-fat [11], suggesting that
maternal obesity may induce lipotoxicity in the full-term porcine placenta. However, the precise
cellular and molecular mechanisms responsible for maternal obesity associated lipid accumulation in
the pig placenta are still barely understood.

Microtubule affinity-regulating kinase 4 (MARK4) is a member of the AMP-activated protein
kinase (AMPK)-related family of kinases, which has been reported to expressed in multiple tissues [12].
As the mammalian homologs of nematode Par-1, microtubule affinity regulatory kinases (MARKs)
family contains four members, MARK1(Par-1c), MARK2(Par-1b/EMK1), MARK3(Par-1a/C-TAK1) and
MARK4 (Par-1d/MARKL-1), and they share a highly conserved structure consisting of three distinct
domains: a catalytic kinase domain, a ubiquitin-associated domain and a kinase associated domain [13].
Studies have implicated Mark4 in diverse physiological processes, including regulation of programmed
cell death [14], cell proliferation [15], and glucose homeostasis and energy metabolism [16].
Recent evidences demonstrate that MARK4 promotes adipogenesis and triggers adipocytes apoptosis
along with increased adipose inflammation and oxidative stress [17,18]. Moreover, our findings
indicated that excessive back-fat is associated with increased activation of MARK4 in pig term placenta,
suggesting a potential mechanism for increased activation of JNK mediated mitochondrial apoptotic
pathway [19]. All these findings suggest that MARK4 is a versatile protein involved in large number
of metabolic processes. However, the regulatory role of MARK4 on placental lipid accumulation,
especially in maternal obese condition, is still unknown in porcine. To date, MARK4 gene has been
characterized molecularly in several vertebrate species, including pigs [13,20], while the knowledge of
molecular structure of MARK4 in Sus scrofa (Pig) is still limited, as warrants further studies.

Given the regulatory role played by MARK4 in adipogenesis and energy metabolism, we aimed to
evaluate whether MARK4 expression is correlated with lipid accumulation in pig placental trophoblast
cells in vitro. In addition, we cloned the full-length cDNA of the MARK4 gene from the placenta of
porcine using 5′ and 3′ RACE amplification and employed bioinformatics analysis to identify the
molecular characterization and structure of MARK4 from Sus scrofa. In this study, we demonstrated
that, through activating the WNT/β-catenin and inhibiting the PPARγ pathways, MARK4 promoted
lipogenesis in pig placental trophoblasts, implicating MARK4 as a potential regulator of lipid
accumulation associated with maternal obesity in the pig placenta.

2. Results

2.1. Molecular Characterization of MARK4 Gene

After performing core fragment amplification and 5′ and 3′ RACE, the full-length cDNA of
MARK4 gene (GenBank accession number: MH926032) from Sus scrofa was obtained (Figure S1).
The full-length cDNA covered 3216 bp with an ORF of 2259 bp encoding 752 amino acids. The MARK4
protein had a calculated molecular weight (Mw) of 82535.70 Da and isoelectric point (PI) of 9.70.
This amino acid (AA) sequence contained several conserved functional sites, including one proton
acceptor (Asp181), one protein kinase ATP-binding region signature (IIe65-Lys88), one serine/threonine
protein kinase active-site signature (IIe177-Leu189) and one protein kinase domain (Tyr59-IIe310).
Based on the results predicted by the online SABLE program, the secondary structure of this MARK4
protein consisted of 13 α-helices, 13 β-strands and 26 coils (Figure S2).
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Additionally, conserved motifs were identified in the amino acid sequence of the MARK4 protein,
including the activation loop, the catalytic kinase domain (KD), the ubiquitin-associated domain (UBA),
the kinase associated domain1 (KA1) and three conserved functional sites (lysine 88 ATP binding
site, aspartic 181 active site and threonine 214 phosphorylation site; Figure 1). This MARK4 protein
sequence had a high similarity, and showed similar structural features to the MARK4 protein of other
species (Figure S3).

 
Figure 1. The tertiary protein structures of MARK4 protein in Pig (Sus scrofa) modeled by the ProModII
program. Kinase domain (KD) colored red, ubiquitin-associated domain (UBA) is blue and kinase
associated domain1 (KA1) in pink.

2.2. Phylogenetic Analysis

The phylogenetic tree among 11 species based on the amino acid (AA) sequences of MARK4
protein was presented in Figure S4. MARK4 of pig (Sus scrofa) showed a close phylogenetic relationship
with that of human (Homo sapiens) and chimpanzee (Pan troglodytes). Conservation of MARK4 was
also evident from similarity comparisons in NCBI, as the MARK4 protein of Sus scrofa showed a
high identity (95%–99%) to that of David’s myotis (Myotis davidii), Chimpanzee (Pan troglodytes),
American beaver (Castor canadensis), Domestic guinea pig (Cavia porcellus), Norway rat (Rattus
norvegicus), House mouse (Mus musculus), Dingo (Canis lupus dingo), Horse (Equus caballus) and
Human (Homo sapiens).

2.3. MARK4 Increases Lipid Droplet Accumulation in Pig Placental Trophoblast Cells

In this study, we speculated that MARK4 could modulate lipid accumulation in porcine placental
trophoblast cells. To validate our hypothesis, we initially tested whether overexpression of MARK4
influences the accumulation of fatty acid in cultured term primary pig trophoblasts exposed to
400 μM FA. The results of Bodipy 493/503 fluorescence staining and TG content assay indicated that
lipid droplet accumulation was significantly increased in trophoblasts from the Myc- MARK4 group
compared with the sh- MARK4 or vector control groups (p < 0.05; control panel in Figure 2A,B).
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Figure 2. MARK4 promotes lipid accumulation in pig primary trophoblast cells challenged with 400 μM
NEFA. (A and C) Representative images (100×) of Bodipy staining after transfection with Myc-MARK4,
sh-MARK4 for 48 h in primary (trophoblast cells) isolated from pig placentas. Primary trophoblasts
were then incubated with 400 μM NEFA, 2 μM GW1929 or 500 μM phloretin for 24 h (n = 3). (B and D)
Quantification of corresponding triglyceride (TG) in (A) and (C) by ELISA analysis (n = 3). The values
in red indicate receptor (transport proteins)-mediated fatty acid accumulation by subtracting the values
in the presence of phloretin from those in the absence of phloretin. (E) LPL activity (mU/mg protein)
after transfection with Myc-MARK4, sh-MARK4 for 48 h in pig primary trophoblasts. Cells were then
treated with 400 μM NEFA or 2 μM GW1929 for 24 h (n = 3). Values are expressed as mean ± SEM.
** p < 0.01; * p < 0.05 compared with the control group. Myc-MARK4 group: overexpression of MARK4
group, sh-MARK4 group: knock down of MARK4 group, Control: empty vector (EV) group.

We next examined whether MARK4 affected receptor (transport proteins)-mediated fatty acid
accumulation in cultured trophoblast cells. As shown in Figure 2B, sh-MARK4 treatment increased
receptor-mediated fatty acid accumulation in trophoblasts compared with Myc-MARK4 group
following 24 h exposure to FA (sh-MARK4: 14.54 ± 2.41 mg/g versus Myc-MARK4: 6.09 ± 1.61 mg/g,
p < 0.05). Previous studies have shown that PPARγ is involved in regulating fatty acid transport
and accumulation in primary human placental trophoblasts [21]. We therefore hypothesized that
activation of PPARγ might increase the accumulation of fatty acid in cultured pig placental trophoblast
cells. To test this hypothesis, we incubated trophoblasts in the presence or absence of PPARγ-specific
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agonist GW1929. As shown in Figure 2B,D, activation of PPARγ promoted receptor-mediated fatty
acid accumulation in sh-MARK4 treatment following 24 h exposure to FA (sh-MARK4+GW1929:
24.37 ± 1.39 mg/g versus sh-MARK4: 14.54 ± 2.41 mg/g, p < 0.05), whereas non- receptor-mediated
fatty acid accumulation was significantly decreased in Myc-MARK4 group following GW1929 +
phloretin treatment (Myc-MARK4+GW1929: 28.75 ± 1.03 mg/g versus Myc-MARK4: 42.87 ±
1.89 mg/g, p < 0.05). In accord with increased receptor-mediated fatty acid accumulation in
Myc-MARK4+GW1929 group (Myc-MARK4+GW1929: 12.60 ± 1.22 mg/g versus Myc-MARK4:
6.09 ± 1.61 mg/g, p < 0.05), the LPL activity in Myc-MARK4 + GW1929 group was markedly higher
than that in Myc-MARK4 group (p < 0.05; Figure 2E).

2.4. Effect of MARK4 on Key Factors of Lipid Metabolism in Pig Placental Trophoblasts

We first determined the overexpression of MARK4 by testing protein content of MARK4 gene
following transfection and FA treatment. As shown in Figure 3A,B, MARK4 protein increased in
Myc-MARK4 group, while sh-MARK4 treatment reduced MARK4 protein (p < 0.05). Consistent with
increased lipid droplet accumulation following FA treatment, the mRNA expression of genes associated
with fatty acid uptake and accumulation, including LPL and DGAT1, was significantly increased in
Myc-MARK4 group, whereas the mRNA content of lipid metabolism-related genes, including PPARG
(PPARγ), ADRP and ACSL1, was reduced in Myc-MARK4 group compared with the sh-MARK4 or
vector control groups (p < 0.05; Figure 3D). GW1929, the potent and specific agonist of PPARγ
(Figure 3C), was used to examine the regulatory role of PPARγ on MARK4-induced increases
in lipid accumulation of trophoblasts. As shown in Figure 3D, GW1929 promoted the mRNA
expression of PPARG, ADRP and ACSL1 in Myc-MARK4 group, but the mRNA content of LPL
and DGAT1 was decreased in Myc-MARK4+ GW1929 treatment (p < 0.05). In accordance with
elevated receptor-mediated fatty acid accumulation following GW1929 + sh- MARK4 treatment,
GW1929 increased the mRNA content of several fatty acid transporters, including FATP1, FATP4,
CD36, FABP1 and FABP4, in sh-MARK4 group (p < 0.05; Figure 3E).

2.5. WNT Signaling Promotes Lipid Accumulation and Activation of MARK4 in Pig Trophoblasts

Previous experiments in our laboratory and others have shown that an aberrant activation
of WNT signaling contributes to significant placental lipid accumulation in obese model of rat or
pig [10,11]. In order to further reveal the mechanisms responsible for the increased placental lipid
accumulation induced by WNT signaling, we first performed Bodipy fluorescence staining to evaluate
lipid droplet accumulation in pig trophoblasts from three groups: Flag-DKK1, sh-DKK1 and Vector
control. DKK1 (dickkopf family protein1) is an inhibitor of the canonical WNT signaling pathway [22].
As shown in Figure 4A,B, Flag-DKK1 treatment reduced lipid droplet accumulation in trophoblasts
following 24 h exposure to FA (p < 0.05), whereas activation of WNT signaling by GSK3β inhibitor LiCL,
which was the downstream of DKK1 and blocked the phosphorylation of β-catenin and subsequent
proteolytic degradation, significantly increased lipid accumulation in sh-DKK1 treatment (p < 0.01).
The LPL activity was not affected by Flag-DKK1 or sh-DKK1 treatment in the presence or absence of
LiCL (Figure 4C).
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Figure 3. Effects of MARK4 on key molecules of lipid metabolism in pig primary trophoblast cells.
(A–B) Representative immunoblots and densitometric quantification for MARK4 after transfection with
Myc-MARK4, sh-MARK4 for 48 h in primary trophoblast cells isolated from pig placentas. Cells were
then incubated with 400 μM NEFA or 2 μM GW1929 for 24 h (n = 3). (C) Primary trophoblasts
were cultured and incubated for 0 h, 12 h, 24 h, 36 h and 48 h in the presence of 2 μM GW1929.
Relative mRNA expression of PPARγ was detected (n = 3). (D–E) Relative mRNA expression of lipid
metabolism-related genes (D) and fatty acid (FA) transporters (E) after transfection with Myc-MARK4,
sh-MARK4 for 48 h in primary (trophoblast cells). Cells were then treated with 400 μM NEFA or 2 μM
GW1929 for 24 h (n = 3). Values are expressed as mean ± SEM. ** p < 0.01; * p < 0.05 compared with the
control group. Myc-MARK4 group: over expression of MARK4 group, sh-MARK4 group: knock down
of MARK4 group, Control: empty vector (EV) group.
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Figure 4. Activation of the Wnt/β-catenin pathway promotes lipid accumulation in pig primary
trophoblast cells challenged with 400 μM NEFA. (A) Representative images (100×) of Bodipy staining
after transfection with Flag-DKK1, sh-DKK1 for 48 h in primary trophoblast cells isolated from
pig placentas. Cells were then incubated with 400 μM NEFA or 20 μM Li CL for 24 h (n = 3).
(B) Quantification of corresponding triglyceride (TG) in (A) by ELISA analysis (n = 3). (C) LPL activity
(mU/mg protein) after transfection with Flag-DKK1, sh-DKK1for 48 h in pig primary trophoblasts.
Cells were then treated with400 μM NEFA or 20 μM Li CL for 24 h (n = 3). Values are expressed as mean
± SEM. ** p < 0.01; * p < 0.05 compared with the control group. Flag-DKK1 group: over expression of
DKK1 group, sh-DKK1 group: knock down of DKK1 group, Control: empty vector (EV) group.

We next determined whether inhibition of WNT signaling affected lipid metabolism in pig
placental trophoblasts. Not surprisingly, overexpression of DKK1 increased DKK1 protein content
(p < 0.05; Figure 5A,B) and reduced β-catenin protein expression within the nucleus (Figure 5C).
Notably, LiCL treatment prevented DKK1-induced degradation of β-catenin (p < 0.05; Figure 5D);
this result was also confirmed by immunofluorescence assay for β-catenin (p < 0.05; Figure 5E,F).
Consistent with elevated lipid accumulation in sh-DKK1 group following exposure to FA + LiCL,
the mRNA expression of genes associated with TG synthesis, including DGAT1, LPL, LPIN3 and
PPARδ, were higher in sh-DKK1 + LiCL treatment (p < 0.05; Figure 5G), while LiCL treatment reduced
the mRNA content of fatty acid transport -related genes, including PPARγ, FATP1, FATP4, CD36 and
FABP4, in Flag-DKK1 or sh-DKK1 group (p < 0.05; Figure 5G,H). Moreover, phos- MARK4(Thr214)
was decreased in Flag-DKK1 compared with the sh-DKK1 or vector control groups, but increased
activation of Mark4 was observed in Flag-DKK1+ LiCL treatment (p < 0.05; Figure 5A,B).

2.6. WNT/β-Catenin Signal is Essential for MARK4 Activated Lipogenesis in Pig Trophoblast Cells

Having determined that WNT signaling enhanced the accumulation of fatty acids and activation
of MARK4 in pig placental trophoblast cells, we next addressed whether WNT/β-catenin pathway
was involved in Mark4-induced lipid accumulation in pig trophoblasts. To test this hypothesis,
we incubated trophoblasts in the presence or absence of WNT signaling pathway specific inhibitor
JW74. As shown in Figure 6B,D, inhibition of WNT/β-catenin signaling by JW74 reduced non-
receptor-mediated fatty acid accumulation in sh-MARK4 group following 24 h exposure to FA +
phloretin (sh-MARK4+JW74: 3.56 ± 0.80 mg/g versus sh-MARK4: 16.47 ± 1.61 mg/g, p < 0.05),
whereas receptor-mediated fatty acid accumulation was significantly increased in Myc-MARK4
group following JW74 treatment (Myc-MARK4+ JW74: 9.76 ± 0.90 mg/g versus Myc-MARK4:
4.79 ± 1.85 mg/g, p < 0.05). No differences were found in the LPL activity among Myc-MARK4,
sh-MARK4 and Vector control in the presence or absence of JW74 (Figure 6E).
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Figure 5. Inhibition of the Wnt/β-catenin pathway blocks key molecules of lipid metabolism
and activation of MARK4 in pig primary trophoblast cells. (A–D) Representative immunoblots
and densitometric quantification for p-MARK4 (T214), DKK1 and β-catenin after transfection with
Flag-DKK1, sh-DKK1 for 48 h in primary trophoblast cells isolated from pig placentas. Cells were
then incubated with 400 μM NEFA or 20 μM Li CL for 24 h (n = 3). (E) Representative images (100×)
of β-catenin immunofluorescent staining after transfection with Flag-DKK1, sh-DKK1 for 48 h in pig
primary trophoblast cells. Cells were then incubated with 400 μM NEFA or 20 μM Li CL for 24 h (n = 3).
(F) Quantification of red fluorescence intensity in (E) relative to control group (n = 3). (G–H) Relative
mRNA expression of lipid metabolism-related genes (G) and fatty acid (FA) transporters (H) after
transfection with Flag-DKK1, sh-DKK1 for 48 h in primary trophoblast cells. Cells were then treated
with 400 μM NEFA or 20 μM Li CL for 24 h (n = 3). Values are expressed as mean ± SEM. * p < 0.05
compared with the control group. Flag-DKK1 group: overexpression of DKK1 group, sh-DKK1 group:
knock down of DKK1 group, Control: empty vector (EV) group.
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Figure 6. Activation of the WNT/β-catenin pathway by MARK4 promotes lipid accumulation in pig
primary trophoblast cells challenged with 400 μM NEFA. (A and C) Representative images (100×) of
Bodipy staining after transfection with Myc-MARK4, sh-MARK4 for 48 h in primary (trophoblast cells)
isolated from pig placentas. Cells were then incubated with 400 μM NEFA, 10 μM JW74 or 500 μM
phloretin for 24 h (n = 3). (B and D) Quantification of corresponding triglyceride (TG) in (A) and
(C) by ELISA analysis (n = 3). The values in red indicate receptor (transport proteins)-mediated fatty
acid accumulation by subtracting the values in the presence of phloretin from those in the absence
of phloretin. (E) LPL activity (mU/mg protein) after transfection with Myc-MARK4, sh-MARK4 for
48 h in pig primary trophoblasts. Cells were then treated with 400 μM NEFA or 10 μM JW74 for 24 h
(n = 3). Values are expressed as mean ± SEM. ** p < 0.01; * p < 0.05 compared with the control group.
Myc-MARK4 group: overexpression of MARK4 group, sh-MARK4 group: knock down of MARK4
group, Control: empty vector (EV) group.

We further confirmed the role of WNT signaling on MARK4 activated lipogenesis in trophoblasts
by Western blot analysis. Specifically, overexpression of MARK4 increased the protein contents of
Mark4 and β-catenin (p < 0.05; Figure 7A,C), while no changes were noted for DKK1 expression in
Myc-MARK4 or sh-MARK4 treatment in the presence or absence of JW74 (Figure 7B). Despite with
JW74 treatment, MARK4 still increased the content of β-catenin within the nucleus (p < 0.05; Figure 7D).
In accordance with increased receptor-mediated fatty acid accumulation in Myc-MARK4 + JW74
treatment, the mRNA expression of genes associated with fatty acid transport, including ACSL1,
ADRP, PPARγ, FATP1, FATP4, CD36, FABP1 and FABP4, were up-regulated in Myc- MARK4 group
following exposure to JW74(p < 0.05; Figure 7E,G), whereas the mRNA content of genes associated
with TG and lipid droplet synthesis, including ACACA, FASN, DGAT1, LPIN1, LPIN3, LPL, PPARδ
and SREBP-1c, were decreased in sh-MARK4 group following JW74 treatment (p < 0.05; Figure 7E,F,H),
in agreement with reduced non- receptor-mediated fatty acid accumulation in sh-MARK4 + JW74
group following exposure to FA + phloretin.
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Figure 7. Activation of the WNT/β-catenin pathway by MARK4 promotes lipogenesis in pig primary
trophoblast cells challenged with 400 μM NEFA. (A–D) Representative immunoblots and densitometric
quantification for MARK4, DKK1 and β-catenin after transfection with Myc-MARK4, sh-MARK4 for 48
h in primary trophoblast cells isolated from pig placentas. Cells were then incubated with 400 μM NEFA
or 10 μM JW74 for 24 h (n = 3). (E–H) Relative mRNA expression of lipid metabolism-related genes
(E and F), fatty acid (FA) transporters (G) and regulators of lipid metabolism (H) after transfection with
Myc-MARK4, sh-MARK4 for 48 h in primary trophoblast cells. Cells were then treated with 400 μM
NEFA or 10 μM JW74 for 24 h (n = 3). Values are expressed as mean ± SEM.* p < 0.05 compared with
the control group. Myc-MARK4 group: over expression of MARK4 group, sh-MARK4 group: knock
down of MARK4 group, Control: empty vector (EV) group.
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3. Discussion

At present, the MARK4 gene has been widely explored in mammal species [13]. However,
such information is still quite limited in Sus scrofa (Pig). In this study, the full-length cDNA of MARK4
was characterized from a lean breed swine (Landrace), including an ORF of 2259 bp nucleotides
in length, encoding 752 amino acids (AA) residues, in agreement with the previous study [20].
Sequence alignments and phylogenetic analysis showed that MARK4 is highly conserved between
Sus scrofa (Pig) and other mammals. In addition, several functional sites were also observed, including
a protein kinase ATP-binding region, a serine/threonine protein kinase active-site and a protein kinase
domain, which represent the typical characters of the protein kinase superfamily [23]. Meanwhile,
the catalytic kinase domain (KD), the ubiquitin-associated domain (UBA), the kinase associated
domain1 (KA1) and three conserved functional sites (lysine 88 ATP binding site, aspartic 181 active site
and threonine 214 phosphorylation site) were also identified through the multiple alignment analysis,
which are regarded as the typical structures of microtubule affinity regulatory kinases family [12,13].
Several studies on mammals indicated that the activation of MARK4 is mediated by the major active
site (Asp 181) that is activated by phosphorylation of Thr 214 located in the activation loop (T-loop)
on protein kinase domain, whereas phosphorylation of Ser 218 in T-loop inactivates MARK4 [24,25].
Accordingly, compared with other mammals, we found the AA sequences of MARK4 protein in Sus
scrofa has a conserved T-loop sequence, LDTFCGSPP, including the regulatory phosphorylation sites
of Thr 214 and Ser 218. Furthermore, the predicted tertiary protein structure of MARK4 in Sus scrofa
showed high similarity (AA sequence identity is 99%) with that of human (Homo sapiens). This was
further confirmed by the observation that the key structural residues (Lys 88, Asp 181 and Thr 214) of
human MARK4 protein are all well conserved in that of porcine (See Figure 1).

MARK4, the fourth member of microtubule affinity regulatory kinases (MARKs) family,
is implicated in the regulation of dynamic biological functions, including glucose homeostasis and
energy metabolism [16]. Recently, MARK4 has been found to promote adipogenesis and trigger
apoptosis in 3T3-L1 adipocytes [17], suggesting MARK4 may play an important role in regulating
lipid metabolism in adipose tissue. In addition, hyperlipidemia associated with obesity has been
suggested to contribute to the ectopic lipid accumulation (lipotoxicity) often seen in highly metabolic
tissues, including liver, skeletal muscle and placenta [10,11,26], a process that has been implicated as an
important mediator of cellular stress and altered tissue function. Regarding the impact of MARK4 on
adipogenesis, we hypothesized that Mark4 may potentially stimulate lipid accumulation in other cell
types besides placental trophoblast cells from porcine, and this study was designed to investigate the
role of MARK4 in modulating lipid metabolic signaling in pig placental trophoblasts in vitro. We found
that in pig trophoblast cells MARK4 significantly increased the expression of lipogenic genes, including
FASN, ACACA, DGAT1, LPIN1, LPIN3, LPL and SREBP-1c, suggesting increased TG and lipid droplet
synthesis by MARK4 expression, as evidenced by dramatically increased lipid droplet accumulation
in trophoblast cells. Thus, our data indicated that Mark4 is involved in regulating lipogenesis of pig
placental trophoblasts upon the status of lipotoxic insult.

Studies have suggested that activation of PPARγ stimulates fatty acid uptake and fatty acid
accumulation in cultured human trophoblast cells [21,27]. However, our data suggests that the
stimulating effect of Mark4 on lipid accumulation of trophoblasts is not mediated by increased
activation of PPARγ. Furthermore, the MARK4 effect on fatty acid accumulation is unlikely to
be due to an activation of LPL activity since MARK4 did not regulate trophoblast LPL activity
in vitro. PPARγ is known to be required for placental development and placental uptake of fatty
acids [21,28]. Activation of PPARγ regulates gene expression of several proteins involved in lipid
transport, including FA transport proteins (FATPs/SLC27As), intracellular FA binding proteins
(FABPs), FA translocase (FAT/CD36), adipose differentiation-related protein (ADRP) and Acyl CoA
synthase (ACS) [21,27,29]. Our finding showed that MARK4 inhibited the mRNA expression of
PPARγ, ADRP, ACSL1, FATP1, FATP4, CD36, FABP1 and FABP4 in cultured trophoblast cells,
suggesting impaired FA uptake by trophoblasts in vitro, as evidenced by significantly decreased
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receptor (transport proteins)-mediated fatty acid accumulation by MARK4. Recent studies determined
that PPARγ and MARK4 play an opposing role in adipose inflammation response and oxidative
stress [18]. Consistently, we preliminarily determined that activation of PPARγ by PPARγ-specific
agonist GW1929 prevented MARK4 from stimulating lipogenesis and non-receptor-mediated lipid
accumulation in cultured pig trophoblasts, suggesting that MARK4 promotes lipid synthesis in pig
trophoblast cells by inhibiting the PPARγ pathways. However, the precise mechanism for inhibition of
PPARγ by MARK4 in regulating lipogenesis of trophoblasts needs to be further studied.

In this study we determined fatty acid accumulation in trophoblast cells which is dependent
upon uptake as well as cellular metabolism. As previously documented, WNT signaling pathway is
involved in increased placental lipid accretion in obesity-prone rats or obese women [5,10]. In support
of the role of WNT signaling in regulating lipid synthesis, our data showed that inhibition of WNT
signaling by DKK1 remarkably reduced the mRNA expression of genes associated with TG and lipid
droplet synthesis in pig trophoblasts, including DGAT1, LPL, LPIN3 and PPARδ, which is confirmed
by decreased lipid droplet accumulation by DKK1. On the contrary, we found that activation of
WNT signaling by GSK3β inhibitor LiCL significantly decreased the expression of PPARγ and several
FA transporters, including FATP1, CD36, FABP4 and FATP4, in cultured trophoblast cells. Previous
studies have shown that β-catenin (a key target of WNT signaling) and PPARγ functionally interact
to negatively regulate each other’s activity, and activation of WNT signaling prevents induction of
C/EBPα and PPARγ during preadipocyte differentiation [30,31]. Hence, accumulation of fatty acids in
pig trophoblast cells in response to lipotoxic insult may be attributed to altered intracellular metabolism
of fatty acids rather than changes in cellular uptake.

This study pointed out a significant correlation between MARK4 and WNT signaling. The WNT
signal is a cytosolic sensor which activates and promotes β-catenin nuclear translocation and DNA
binding [22]. Sun et al. reported that Par-1, the mammalian ortholog of MARKs, is a positive
regulator of Wnt/β-catenin pathway in mammalian cells and Drosophila embryos [32]. Consistently,
we demonstrated that MARK4 was potent to activate WNT signaling through promoting translocation
of β-catenin into the nucleus in cultured pig trophoblasts. It is noticed that activation of WNT signaling
pathway by LiCL prevented DKK1 from inhibiting phosphorylation of endogenous Mark4 (Thr214) in
trophoblast cells, in agreement with previous studies that WNT signaling stimulates endogenous Par-1
kinase activity [32]. Activation of WNT pathway leads to the phosphorylation of Dishevelled (Dvl)
protein, which then inhibits the activity of GSK3β [33]. GSK3β has been shown to inhibit MARK4
protein by phosphorylating the serine residue (Ser218), near the threonine activation site (Thr214) in
the activation loop of MARK4 [24]. Therefore, inhibition of GSK3β could be a possible mechanism
involved in the activation of MARK4 by WNT signaling. In addition, our experiments employing the
WNT specific inhibitor JW74 further confirmed that the WNT pathway is involved in the promotion
of lipogenesis via MARK4, suggesting WNT signal is central to MARK4 performing lipid synthesis
function in pig trophoblast cells in response to lipotoxic insult.

4. Materials and Methods

4.1. Experimental Animals and Reagents

For the analysis of full-length cDNA cloning of MARK4 gene and isolation of porcine placental
trophoblast cells, samples of placenta from Sus scrofa (Landrace) were collected at Research Farm of
Nan Jing Agricultural University. The collection of porcine full-term placental tissue was specifically
approved by the Laboratory Animal Care and Use Committee of Nan Jing Agricultural University.
(SYXK2015-0072, 6 September 2015)

For the isolation of porcine placental trophobalst cells, the following reagents were purchased,
including Ham’s F12/Dulbecco’s Modified Eagle Medium(DMEM/F12) (HyClone, Logan, UT, USA),
fetal bovine serum (FBS) (HyClone, Logan, UT, USA), Trypsin (Gibco, Grand Island, NY, USA),
Phosphate-buffered saline (PBS) (Life Technologies, Grand Island, NY, USA), Bovine serum albumin
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(BSA) (Amresco, Solon, OH, USA); Percoll (Pharmacia, London, UK), 100× Penicillin-Streptomycin
(10,000 U/mL) (Invitrogen, Carlsbad, CA, USA), 100× Insulin–Transferrin–Selenium (ITS; Sigma,
Saint Louis, MO, USA) and epidermal growth factor (EGF; Invitrogen, Carlsbad, CA, USA).

4.2. Full-length cDNA Cloning of the MARK4 Gene

Total RNA was isolated from the placenta of Landrace sows using RNAiso Plus (TaKaRa, Tokyo,
Japan) and then was treated with DNase I using Recombinant RNase-free DNase I kit (TaKaRa, Tokyo,
Japan) to degrade genomic DNA. 1% agarose gels electrophoresis and spectrophotometric analysis
(260/280 ratio) were used to assess the quantity and quality of isolated RNA.

The cDNA was synthesized with PrimeScript 1 st strand cDNA Synthesis kit (TaKaRa, Tokyo,
Japan) using total RNA (1 μg) from the placenta as template and Oligo dT18 as primer according
to the manufacturer’s instructions. Degenerated primer pairs of MARK4F/MARK4R (Table 1) were
designed based on highly conserved regions from the available sequences of various vertebrate
species. PCR amplification was performed with 1 μL of reverse-transcribed (RT) reactions in a total
volume of 50 μL and 1 μL Tks Gflex DNA Polymerase (1.25 U/μL; TaKaRa, Tokyo, Japan). The PCR
cycling conditions were one cycle of 94 ◦C for 1 min, 35 cycles of 98 ◦C for 10sec, 55 ◦C for 15sec,
and 68 ◦C for 1 min, followed by one cycle of 72 ◦C for 5 min. The PCR products were purified
with MiniBEST Agarose Gel DNA Extraction Kit Ver.4.0 (TaKaRa, Tokyo, Japan) and sequenced by
Takara Biotechnology (Dalian) Co.Ltd (Dalian, China). Sequencing was performed in both forward and
reverse directions by using an ABI PRISMTM3730XL DNA Sequencer (Applied Biosystems, Waltham,
MA, USA). The forward and reverse sequences were assembled using SeqMan NGen15 software
in DNASTAR Lasergene 15.2 (DNASTAR, Madison, WI, USA), through which the core fragment of
MARK4 gene was obtained. According to the sequence information of this fragment, gene-specific
primers were designed for the 3′RACE and 5′RACE.

Table 1. Primers for the cDNA cloning of MARK4 gene.

Primers Sequence, 5′-/-3′ Use

MARK4-F CAACGATCGGAACTCGGACA Used with MARK4-R for RT-PCR of core fragment

MARK4-R ATTTGGCAACAGGGACGGGC Used with MARK4-F

3′RACE Adaptor CTGATCTAGAGGTACCGGATCC(T)16
Used for synthesis of the first- strand cDNA for
3′RACE

MARK4,3-F1 CAAGCGCAGCCCAACCAGCACAG Used with 3′Outer Primer for first PCR of 3′RACE

3′Outer Primer TACCGTCGTTCCACTAGTGATTT Used with MARK4,3-F1

MARK4,3-F2 ACAAGGCAGAGATCCCAGAGCGA Used with 3′Inner Primer for nested PCR of 3′RACE

3′Inner Primer CGCGGATCCTCCACTAGTGATTTCA-
CTATAGG Used with MARK4,3-F2

MARK4,5-R1 AGCTTCACAATGTTGGGGTGGTT Used for synthesis of the first-strand cDNA for 5′RACE

MARK4,5-R2 TGGGGTTCAGCTGGGTTTTGTCG Used with UPM Primer for first PCR of 5′RACE

UPM Primer CTAATACGACTCACTATAGGGCAA-
GCAGTGGTATCAACGCAGAGT Used with MARK4,5-R2

MARK4,5-R3 AGGATGTGCCGGGCCAGCTTGAC Used with UPS Primer for nested PCR of 5′RACE

UPS Primer CTAATACGACTCACTATAGGGC Used with MARK4,5-R3

Rapid amplification of the 3′ end was performed using the 3′-full RACE Core Set with
PrimeScriptTM RTase (TaKaRa, Tokyo, Japan) following the manufacturer’s instructions. The primers
used for 3′ RACE are shown in Table 1. Firstly, total RNA (1 μg) from placenta was reverse-transcribed
using 3′RACE Adaptor (Table 1) as the primer for the synthesis of first strand cDNA. Then, the cDNA
was amplified by a specific forward primer MARK4,3-F1 and 3′ RACE Outer Primer containing the
anchor sequence. After the first PCR, 1 μL of Outer PCR reactions was re-amplified using 3′ RACE
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Inner Primer and a specific forward primer MARK4,3-F2. The nested PCR product was separated by
electrophoresis using 1% agarose gels and sequenced by the methods aforementioned.

Rapid amplification of the 5′ end was conducted with SMARTerTM RACE 5′/3′ cDNA
Amplification Kit (TaKaRa, Tokyo, Japan) according to the manufacturer’s instructions. Briefly,
total RNA (1 μg) was reverse-transcribed with a specific reverse primer MARK4,5-R1(Table 1). After the
synthesis of first strand cDNA, 2 μL of RT reactions was amplified by prime pairs MARK4,5-R2 and
UPM Primer. Then, 1 μL of the first PCR product was used as a template for the nested PCR, which was
performed with UPS Primer and MARK4,5-R3. The nested PCR product was separated by 1% agarose
gel test and sequenced following the methods aforementioned.

4.3. Bioinformatics Analysis

The full-length cDNA of MARK4 gene was obtained using SeqMan NGen15 software in
DNASTAR Lasergene (version 15.2) to assemble the core fragment, 3′ end and 5′ end sequences.
The resulting nucleotide sequence was edited and analyzed by Open Reading Frame (ORF) Finder
on NCBI (https://www.ncb-i.nlm.nih.gov/orffinder), and then translated into amino acids (AA)
using standard genetic codes. The molecular weight (MW) and isolectric point (PI) of the Mark4
protein were predicted using the compute PI/MW software at https://web.expasy.org/compute_
pi. Multiple alignments were generated by the MegAlign 15 program in DNASTAR Lasergene
(version 15.2). The secondary and three-dimensional (3D) structures of Mark4 protein were
predicted by the SABLE program (http://sable.cchmc.org) and the SWISS-MODEL program (https:
//swissmodel.expasy.org) as previously described [34], respectively. Illustration of the MARK4 model
was performed in PyMOL 2.2 program (https://pymol.org). Phylogeny tree was inferred by the
MEGA7 program, and distance analysis was conducted using the Neighbour-Joining (NJ) algorithm.
1000 bootstrap-replications were generated to evaluate the reliability for each code.

4.4. Porcine Placental Trophobalst Cell Isolation and Culture

The isolation and culture of porcine placental trophobalst cells were performed as previously
described with some modifications [35]. Briefly, placental villous tissue, obtained from vaginal
delivery, were dissected from fetal amnion and rinsed thoroughly in cold PBS containing 100 U/mL
penicillin and 100 μg/mL streptomycin, and then cut into 1–3 mm 3 pieces. The tissue fragments
were digested with 0.125% (w/v) Type I collagenase (trypsin) at 37 ◦C for 30 min with continuous
shaking, followed by filtration through a 70 μm cell strainer. The filtrate was further purified by Percoll
gradient centrifugation. Placental trophoblast cells were collected from the appropriate layers between
35% and 45% Percoll density gradient separated layers, and cultured in DMEM/F12 supplemented
with 10% FBS, 1% (v/v) ITS, 10 ng/mL of EGF, 100 U/mL penicillin and 100 μg/mL streptomycin
at 37 ◦C under 5% CO2 as previously described [35]. The purity of trophoblast cells isolated from
full-term placentas was determined by flow cytometry as previously described [36], using FITC
fluorescein-labeled antibody against cytokeratin-7 (Santa Cruz Tech, Dallas, CA, USA) as a specific
marker of trophoblast cells.

4.5. Cell Transfection and Drug Treatment

DNA constructs including Myc-MARK4 and Flag-DKK1 were made by Generay Biotech Company
(Shanghai, China) using pEGFP-N1 expression vector. shRNA sequences against MARK4 or DKK1
were contrived and synthesized by Genepharma Company (Shanghai, China) using pGpU6/GFP/Neo
shRNA expression vector. After transfection efficiency detection, the optimal shRNA of MARK4 or
DKK1 was chosen and named sh-MARK4 and sh-DKK1. Cells were plated at a concentration of
6 × 105–2 × 106/dish in 60-mm dishes. 2 μg interference or expression plasmids DNA were mixed
with X-treme GENE HP Reagent (Roche, Basel, Switzerland) and Opti-MEMI media (Invitrogen,
Carlsbad, CA, USA) following the instruction. The transfection mixture was then added into each dish
for 48 h to allow the expression of DNA or shRNA constructs described above.
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In order to induce lipid accumulation in trophoblast cells in vitro, cells were treated with 400 μM
Fatty Acid (FA) Supplement containing 2 mol of linoleic acid and 2 mol of oleic acid per mole of
albumin (L9655; Sigma-Aldrich, Saint Louis, MO, USA) in triplicate as previously described [10,37].
The optimal treatment concentration of 400 μM was chosen based on results of concentration gradient
studies (Figure S5) indicating that fat accumulation was significantly increased by 50, 100 and 200 μM
fatty acids when compared to 0μM, with the most significant increase following the 400 μM treatment.
Treatment media without fatty acids was added with bovine serum albumin (FA free) to maintain the
same osmolarity. In some experiment, cells were treated with one of the following specific agonists
or inhibitors: 2 μM GW1929 (PPARγ-specific agonist; MCE, Shanghai, China), 20 μM LiCL (GSK3β
inhibitor; Millipore, Billerica, MA, USA), or 10 μM JW74 (WNT signaling pathway specific inhibitor;
MCE, Shanghai, China) for the amount of time specified in the individual figures.

4.6. Oil Red O Staining

After 24 h of FA treatment, cells were fixed in 4% paraformaldehyde for 30 min at room
temperature for Oil Red O staining. Each well was then briefly washed in PBS and 60% isopropanol
and then stained for 10 min in a 60% working Oil Red O solution (Sigma-Aldrich). For quantification
of Oil Red O staining, cells were extracted by 100% isopropanol for colorimetric analysis at an optical
density of 490 nm as previously described [10].

4.7. Cell Viability and Reactive Oxygen Species (ROS) Assay

Cell viability was detected using cell counting kit-8 (CKK-8; KeyGen BioTECH, Nanjing, China).
The isolated cells were seeded into 96-well plates at a density of 5 × 103 and cultured with 0, 400 and
500 μM fatty acids for the amount of time specified in Figure S5, respectively. 10 μL CKK-8 solution
was then added into each well and incubated for 2 h at 37 ◦C. Absorbance was measured at 450 nm
using a Multiskan Go Microplate Spectrophotometer (Thermo Scientific, Waltham, MA, USA).

The intracellular level of ROS test was performed using Oxygen Species Assay Kit
(KeyGen BioTECH, Nanjing, China) according to the manufacturer’s instructions. Briefly, the dye
loading was performed by incubating the cells with 10 μM 2′, 7′-dichlorofluorescin diacetate
(DCFH-DA) at 37 ◦C for 1 h. The production of ROS was examined using a Luminescence
Spectrophotometer (Promega Corporation, Madison, WI, USA) by measuring the fluorescence intensity
of DCF at emission wavelength of 525 nm.

4.8. Lipid Accumulation Assay

The Bodipy 493/503 lipid probes (D-3922; Thermo Scientific) was used to visualize fatty acid
accumulation in cultured trophoblast cells as previously described [38]. Briefly, cells were washed
in PBS and 4% paraformaldehyde in PBS was added to fix the cells for 30 min at room temperature.
After fixation, cells were washed in PBS containing 0.1% Triton X-100 for 5 min. Bodipy dye was
diluted in PBS at a concentration of 10 μg/mL and applied to cells for 15 min. For nuclei staining,
10 μg/mL of 4′, 6-diamidino-2-phenylindole (DAPI) solution was incubated with each sample for
30 min, and then the samples were examined on confocal laser scanning microscope (Zeiss LSM 700
META, Jena, Germany). For quantification of lipid accumulation, triglyceride (TG) content in cultured
trophoblast cells was evaluated with a spectrophotometer (Thermo Scientific) at 510 nm using Tissue
Triglyceride Assay Kit (APPLYGEN, Beijing, China) as previously described [17]. Because phloretin
blocks receptor (transport proteins)-mediated fatty acid transport and accumulation [39,40] it was
used to determine receptor-mediated fatty acid accumulation by subtracting the TG content in the
presence of phloretin (500 μM) from those in the absence of phloretin as previously described [21].

4.9. Immunofluorescence Assay

β-catenin immunofluorescence analysis was performed as previously described [10].
Briefly, cells were grown on coverslips, fixed with 4% paraformaldehyde for 30 min and permeabilized
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with 0.25% Triton X-100 for 10 min. After blocked with 5% BSA-supplemented PBS for 1 h, cells were
incubated overnight at 4 ◦C with rabbit anti-β-Catenin primary antibody (8480, dilution 1:300,
Cell Signaling Technology, Danvers, MA, USA), followed by incubation of Goat anti-rabbit Cy3
fluorescein-labeled secondary antibody (BA1032, dilution 1:500, Boster, China). Meanwhile, the cell
nuclei were counterstained with 4′, 6-diamidino-2-phenylindole for 10 min, and then the samples were
mounted on glass slides and examined on confocal laser scanning microscope (Zeiss LSM 700 META,
Jena, Germany). Quantification of the fluorescence intensity from the red channel (β-Catenin) was
performed using the Image J software (NIH Image).

4.10. Measurement of LPL Activity

For LPL activity detection, cells were harvested after the medium removed, washed with
ice-cold PBS and lysed with cell lysis buffer (20 mM Tris, 150mM NaCl, 1% Triton X-100). The lysate
was centrifuged at 10,000× g for 5 min at 4 ◦C. Then LPL enzyme activity was measured in the
supernatant by the enzyme fluorescence method using Biovision LPL Activity assay kit (Biovision
Incorporated, Milpitas, CA, USA) according to the manufacturer’s instructions as previously
described [9]. Results were normalized to the amount of protein (mU per mg of bulk cellular protein).
Protein concentration was determined using Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.

4.11. Real-time Quantitative PCR Analysis

Total RNA was extracted from cultured cells with the High Pure RNA tissue kit (Omega Bio-Tek,
Norcross, GA, USA) and 500 ng of total RNA was reverse transcribed using PrimeScript RT Master
Mix Kit (TaKaRa, Tokyo, Japan). Real-time RT-PCR was conducted on the Step One Plus Real-Time
PCR System (ABI, Waltham, MA, USA) with the following program: 95 ◦C for 30 sec, 95 ◦C for 5 sec,
60 ◦C for 30 sec, 95 ◦C for 15 sec, 60 ◦C for 1 min, and 95 ◦C for 15 sec, with 40 cycles of steps 2 and
3. Primers were synthesized by Invitrogen (Shanghai, China). Amplication was performed in 25 μL
reaction system containing specific primers (Table S1) and SYBR Premix Ex Taq II (TaKaRa, Tokyo,
Japan). Relative gene expression was calculated using the comparative Ct method with the formula
2−ΔΔCt [41]. The two reference genes GAPDH and HPRT1 were used. The geometric mean of relative
gene expression was calculated and used for further analysis as previously reported [42].

4.12. Protein Extraction and Western Blotting Analysis

Total protein from cultured trophobalst cells was extracted using cell lysis buffer (Beyotime Co,
China) by procedures as previously described [38]. Nuclear protein isolation was performed using
Nuclear and Cytoplasmic Protein Extraction Kit (KenGEN BioTECH, Nanjing, China) according to the
manufacturer’s instructions as previously reported [11]. The concentration of protein was quantified
using BCA Protein Assay kit (Thermo Scientific, Waltham, MA, USA). Proteins (50 μg) were separated
by SDS-PAGE and transferred to PVDF nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA, USA). After blocking in 5% fat-free milk for 1 h at room temperature, the membranes were
incubated with rabbit anti-Mark4(4834, 1:1000 dilution, Cell Signaling Technology, Danvers, MA,
USA), β-Catenin (8480, dilution 1:1000, Cell Signaling Technology), GAPDH (2118, dilution 1:1000,
Cell Signaling Technology), and Phospho-Mark4 (SAB4504258, 1:500 dilution, Sigma, Saint Louis, MO,
USA) antibody, Goat anti-DKK1 (LS-B194, dilution 1:1000, LifeSpan BioSciences, Seattle, WA, USA)
antibody, or Mouse anti-LaminA (sc-376248, dilution 1:1000, Santa Cruz Biotechnology, Dallas, TX,
USA) antibody overnight at 4 ◦C, followed by incubation with Donkey anti-goat, Goat anti- mouse
or rabbit IgG horseradish peroxidase (HRP)-conjugated secondary antibodies (HAF109, HAF007
and HAF008, dilution 1:2000, RD SYSTEMS, Minneapolis, USA) for 1 h at room temperature.
Proteins were visualized using the LumiGLO Reagent and Peroxide system (Cell Signaling Technology,
Danvers, USA), and then the blots were quantified using Bio-Rad ChemiDoc imaging system (Bio-Rad
Laboratories, Hercules, USA). Band density was normalized according to the GAPDH content.

80



Int. J. Mol. Sci. 2019, 20, 1206

4.13. Statistical Analysis

All the data were obtained from at least three independent experiments. Statistical analyses were
conducted using SPSS Statistics 20.0 software (IBM SPSS, Armonk, NY, USA). Data were analyzed using
One-way ANOVA for comparisons among groups, followed by Duncan test. Results were expressed
as means ± SEM. A p-value < 0.05 was considered statistically significant, and very significant was
indicated when p < 0.01.

5. Conclusions

In summary, our present study demonstrates that MARK4 stimulates fatty acid accumulation in
porcine trophoblast cells, which could contribute to a lipotoxic placental milieu in conditions associated
with elevated maternal fatty acids such as excessive back-fat during pregnancy of sows. Moreover,
WNT/β-catenin signal is essential for MARK4 promoting lipogenesis in pig placental trophoblasts
(Figure 8). Thus, our results indicate that MARK4 has potential as a regulator of lipotoxicity associated
with maternal obesity in the pig placenta.

Figure 8. A proposed model for role of MARK4 in regulating lipogenesis in pig placental trophoblast
cells. MARK4 promotes lipogenesis by activating WNT/β-catenin signaling pathway. Arrows indicates
a positive regulation and bar-headed lines show negative regulation. Interactions depicted are based
on studies performed in various tissues (in some cases placenta) and have been previously published.
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Abbreviations

ACACA Acetyl-CoA carboxylase
ADRP Adipose differentiation-related protein
ACSL1 Acyl CoA synthase long chain family member 1
cDNA Complementary DNA
CD36 Fatty acid translocase
DGAT1 Diglyceride acyltransferase 1
DKK1 Dickkopf family protein1
FASN Fatty acid synthase
FA Fatty acid
FATP1 Fatty acid transport protein 1
FATP4 Fatty acid transport protein 4
FABP1 Intracellular fatty acid binding protein 1
FABP4 Intracellular fatty acid binding protein 4
FITC Fluorescein isothiocyanate
GSK3β Glycogen synthase kinase 3 beta
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HPRT1 Hypoxanthine phosphoribosyltransferase 1
LPL Lipoprotein lipase
LPIN1 Phosphatidic acid phosphatase 1
LPIN3 Phosphatidic acid phosphatase 3
MARK1 Microtubule affinity-regulating kinase 1
MARK2 Microtubule affinity-regulating kinase 2
MARK3 Microtubule affinity-regulating kinase 3
MARK4 Microtubule affinity-regulating kinase 4
ORF Open reading frame
PPARγ Peroxisome proliferators-activated receptor gamma
PPARD Peroxisome proliferators-activated receptor delta
PPARA Peroxisome proliferators-activated receptor alpha
RACE Rapid Amplification of cDNA Ends
RT-PCR Reverse transcription-polymerase chain reaction
SREBP-1c Sterol regulatory element binding protein 1c
TG Triglyceride
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Abstract: Acute coronary syndrome (ACS) refers to ischemic conditions that occur as a result of
atherosclerotic plaque rupture and thrombus formation. It has been shown that lipid peroxidation
may cause plaque instability by inducing inflammation, apoptosis, and neovascularization. There is
some evidence showing that these oxidized lipids may have a prognostic value in ACS. For instance,
higher levels of oxidized phospholipids on apo B-100 lipoproteins (OxPL/apoB) predicted
cardiovascular events independent of traditional risk factors, C-reactive protein (hsCRP), and the
Framingham Risk Score (FRS). A recent cross-sectional study showed that levels of oxylipins, namely
8,9-DiHETrE and 16-HETE, were significantly associated with cardiovascular and cerebrovascular
events, respectively. They found that with every 1 nmol/L increase in the concentrations of
8,9-DiHETrE, the odds of ACS increased by 454-fold. As lipid peroxidation makes heterogonous pools
of secondary products, therefore, rapid multi-analyte quantification methods are needed for their
assessment. Conventional lipid assessment methods such as chemical reagents or immunoassays
lack specificity and sensitivity. Lipidomics may provide another layer of a detailed molecular level to
lipid assessment, which may eventually lead to exploring novel biomarkers and/or new treatment
options. Here, we will briefly review the lipidomics of bioactive lipids in ACS.

Keywords: oxidized phospholipids; oxylipins; bioactive lipids; coronary disease; myocardial infarction;
ischemic heart disease; ischemia reperfusion injury; mass spectrometry; lipids

1. Introduction

Acute coronary syndrome (ACS) comprises a set of ischemic conditions including unstable
angina (UA), myocardial infarction (MI) (with or without ST-segment elevation), and sudden cardiac
death. It is the most common cause of morbidity and mortality worldwide, and accounts for roughly
seven million deaths and 129 million loss of disability-adjusted life years (DALYs) annually [1].
The main cause of ischemia is the reduction of blood flow into coronary microcirculation as a result of
atherosclerotic plaque rupture and thrombus formation [2]. Complete occlusion of coronary arteries
usually presents with ST-segment elevation myocardial infarction (STEMI), which is accompanied
by tissue injury and presents with elevated troponin levels. Partially occluded coronary arteries may
result in non-STEMI or UA, depending on whether or not myocardial injury occurs [3].

Coronary angiography has shown that the atherosclerosis extent index (including the number
of diseased vessels, stenosis and occlusions) is generally lower in ACS patients than in patients with
stable angina, suggesting that plaque vulnerability rather than the extent of atherosclerosis may be
the determinant of ACS [4]. The mechanisms leading to the progression of an asymptomatic plaque to
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a vulnerable one are not fully understood. A thin fibrous cap and a large lipid core (≥40% plaque volume),
inflammatory cells, and high neovascularity are suggested as factors causing plaque vulnerability [5].

The oxidation of lipoproteins, namely oxidized low-density lipoproteins (Ox-LDLs), has been
considered as a key factor in this transition through various mechanisms. Following the infiltration of
LDL into the injured endothelium, LDL becomes oxidized to form Ox-LDL. This modified LDL elevates
the expression of cell adhesion molecules such as intercellular cell adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1), resulting in leukocyte (mainly monocytes and
T-lymphocytes) recruitment and migration into the intima. In the intima, monocytes differentiate
into macrophages. These lipid laden macrophages, which are called foam cells, along with the
migrated T-lymphocytes release a variety of cytokines that promote inflammation and the generation
of reactive oxygen species (ROS) [6]. Ox-LDL increases the infiltration of macrophages into the plaque
(foam cell formation), up-regulates the expression of matrix metalloproteinase (MMP), and triggers
proinflammatory reactions leading to plaque rupture [7].

Several clinical studies have confirmed that Ox-LDL concentrations are significantly higher in MI
patients when compared with stable angina or age-matched controls [8–10]. Lipid peroxidation can
occur within the LDL membrane through non-enzymatic and/or enzymatic mechanisms, producing
diverse secondary products such as 4-hydroxynonenal (4-HNE), malondialdehyde (MDA), oxidized
phospholipids (OxPLs), and oxylipins. These oxidized lipids are bioactive and can be bound to proteins,
peptides, phospholipids, and nucleic acids, generating structural neo-epitopes called oxidation-specific
epitopes (OSEs). Consequently, chronic elevations of OSEs may induce inflammation through the
secretion of chemokines and proinflammatory cytokines, leading to plaque instability [11]. Clinical
studies have also confirmed higher levels of these bioactive molecules in ACS patients when compared
with patients in control groups [12–15].

Previous studies have shown that bioactive lipids can predict ACS occurrence in various
populations. For instance, higher levels of OxPLs on Ox-LDL have been found to predict the progression
of first or second major coronary events [16,17]. In addition, a recent cross-sectional study showed that
levels of oxylipins, namely dihydroxy-eicosatrienoic acid (DiHETrE) and 16- hydroxy-eicosatetraenoic
acid (HETE), were significantly associated with cardiovascular and cerebrovascular events, respectively.
In this study, levels of 8,9-DiHETrE were significantly higher in patients with ACS (n = 24) compared
to those without ACS (n = 74). Univariate and multivariate logistic regression also revealed that
8,9-DiHETrE concentrations were significantly associated with the presence of ACS. Moreover,
they found that with every 1 nmol/L increase in the 8,9-DiHETrE concentrations, the odds of ACS
increased by 454-fold. In this particular study, 8,9-DiHETrE elevated the odds of ACS by 92-fold [18].

Bioactive lipids have been measured conventionally by the use of chemical reagents, immunoassays,
or chromatography [19]; however, these methods have limitations such as the lack of sensitivity and
specificity. The main drawback of using conventional methods is that only one analyte can be assessed
with one set of analysis. Considering the heterogeneity of pools of oxidized lipids, rapid multi-analyte
quantification methods are needed. With the advent of robust mass spectrometric techniques, various
groups of compounds can be assessed at the same time in a targeted and non-targeted fashion. By using
soft ionization mass spectrometry (MS) such as electrospray ionization (ESI), the identification and
quantification of non-volatile and thermolabile samples such as OxPL and oxylipins are feasible.
Lipidomics is a powerful tool providing another layer of the detailed molecular levels of lipid
assessments that may help to explore novel biomarkers and new treatment options in ACS [20].

In this article, we will briefly review the mechanisms in which bioactive lipids are generated. Then,
we will focus on the analytical methods used by previous studies to measure these compounds. Finally,
we will review the clinical studies that have assessed the roles of bioactive lipids in ACS patients.

2. Bioactive Lipid Generation

About 700 phospholipid (PL) molecules have been identified on the surface of LDL particles [6].
Phosphatidylcholine (PC) and sphingomyelin (SM) are the main PLs in LDL particles [21]. Most PLs
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contain polyunsaturated fatty acids (PUFAs), with 14–24 carbons in their sn-2 position, which make
them susceptible to oxidation. They can undergo non-enzymatic oxidation mainly by ROS, making
heterogeneous pools of oxidized lipids. Hydroperoxides (LOOH) are the first products of PUFA
oxidation by ROS. During degradation of LOOH, a large variety of secondary products are
produced such as 4-hydroxynonenal (4-HNE), malondialdehyde (MDA), non-fragmented (full length),
and fragmented (shorten chain) OxPLs [22] (Figure 1).

 
Figure 1. Non-enzymatic oxidation of membrane phospholipids. Free radicals may attack membrane
phospholipids such as PAPC, leading to the production of bioactive lipid molecules. Abbreviations:
PAPC-OOH, PAPC hydroproxide; OxPC, oxidized phosphatidylcholine; PEIPC, 1-palmitoyl-2-
(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphocholine.

4-HNE is a α,β-hydroxyalkenal which is formed through the peroxidation of arachidonic acid (AA)
(20-carbon compounds) and linoleic acid (LA) (18-carbon compounds). Its reaction with the histidine,
cysteine, or lysine residues of proteins makes Schiff bases or Michael adducts. MDA is a three-carbon
aldehyde that is similarly produced through the non-enzymatic oxidation of PUFA. It can also be
produced as a side product of thromboxane A2 (TXA2) synthesis. AA and docosahexaenoic acid
(DHA) are the main precursors of MDA [23]. Levels of 4-HNE and MDA increase during oxidative
stress and have been widely accepted as markers of oxidative stress.
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OxPLs can be divided into two groups of non-fragmented (with the same number of carbon with
precursor) and fragmented (with shorter chain) OxPLs. Non-fragmented OxPLs are formed following
the initial phase of lipid oxidation. Then, they may undergo intramolecular cyclization, rearrangement,
and further oxidation and make OxPLs with terminal furans, isoprostanes, and long-chain products
with functional groups such as hydroperoxides, hydroxides, keto- and epoxy-groups [24]. Fragmented
OxPLs have hydroxide and carbonyl groups in their structures, which are highly bioactive and can
rapidly interact with biomolecules causing tissue injury [25] (Figure 2).

Figure 2. Fragmented and non-fragmented OxPC productions from PAPC. OxPLs can be classified as
fragmented and non-fragmented species. Non- fragmented species are produced from the addition of
peroxyl radicals where rearrangement/cyclization may happen. Fragmented species are comprised
of aldehyde and carboxylic acid containing lipids. Abbreviations: Oxo-ETE-PC, oxoeicosatetraenoic
acid phosphocholine; PEIPC, 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphocholine;
Aldo-OxPC, aldehyde containing oxidized phosphatidylcholine; Keto OxPC; carboxylic acid containing
oxidized phosphatidylcholine; POVPC, 1-palmitoyl-2-(5′-oxo-valeroyl)-sn-glycero-3-phosphocholine;
PGPC, 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine.

All PUFAs including omega-3 PUFAs are oxidized by the three main enzymes of cyclooxygenase
(COX), lipoxygenase (LOX), and cytochrome P450 (CYP). The types of oxylipins produced from the
PUFAs depend on the type/amounts of dietary PUFA, and the availability and affinity of the enzymes
(COX, LOX, or CYP) for a specific substrate PUFA. The most well-known oxylipins are derived from
AA and LA [1]. Half of the known oxylipins are derived from AA. However, other oxylipins can
also be produced from PUFAs besides AA including both the omega-3 and omega-6 PUFA. It is
important to mention that phospholipase-A2 (PL-A2), which has a key role in oxylipin production,
has a preference for AA and eicosapentaenoic acid (EPA) [26]. These fatty acids may undergo enzymatic
oxidation through cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP) pathways.
Oxylipins are not stored in the cells and exert their biological roles through paracrine or autocrine
mechanisms [27] before they are chemically inactivated or re-esterified into a glycerolipid pool [28]
(Figure 3).
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Figure 3. Enzymatic oxidation of membrane phospholipids. Fatty acids are released from the membrane
PL by the phospholipase A2 enzyme and may undergo oxidation through three oxidation pathways
including COX, LOX, and CYT P450. Abbreviations: COX, cyclooxygenase; LOX, lipoxygenase; CTY
P450, cytochrome P450; HETE; hydroxyeicosatetraenoic acids; EET, epoxyeicosatrienoic acids.

Prostanoids (prostaglandines (PG) and thromboxanes (TX)) and some forms of hydroxy-metabolites
such as 11-HETE are generated through the COX pathway from AA. LOX enzymes catalyze the
generation of hydroxy fatty acids such as leukotrienes, lipoxins, resolvins, protectins, maresins, hepoxilins,
and eoxins [3,29]. Mid chain (5-, 8-, 9-, 11-, 12-, and 15-) HETEs are also formed from AA through the
LOX pathway [18,30]. CYP 450 enzymes have epoxygenase or ω-hydroxylase activity [29]. ω-terminal
(16-, 17-, 18-, 19-, and 20-) HETEs are produced from AA and by ω-hydroxylase enzymes (CYP4A and
CYP4F) and epoxyeicosatrienoic acid (EETs) are generated by CYPs with epoxygenase activity [28].

3. Measurement of Bioactive Lipids

3.1. 4-HNE and MDA

Free aldehydes can be identified and quantified by several analytical methods. Thiobarbituric acid
reactive substance (TBARS)/spectrophotometry has been widely employed to measure MDA levels.
Under acidic conditions and high temperatures, the aldehyde group of MDA reacts with the nucleophilic
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center of TBA and makes a red-colored derivative, which can be detected by spectrophotometric
and spectrofluorometric approaches. The aldehyde group of HNE can also make derivatives with
2,4-dinitrophenylhydrazine (DNPH) that are detectable by spectrophotometry [12,14,31,32].

Kamiński et al. (2008) measured the HNE and MDA in the plasma of 15 STEMI patients and
10 patients with stable IHD as the control group by using derivatization/high performance lipid
chromatography (HPLC)-fluorescence detection [33]. Solid phase extraction was applied to extract
HNE and MDA [34]. MDA was also detected using the TBARS derivatization, and then separated and
quantified by HPLC-spectrofluorometric assay [35].

Gas chromatography (GC) is the other main analytical method to measure MDA and HNE.
MS is more specific and sensitive compared with other analytical methods as it can identify these
aldehydes based on the mass to charge ratio and fragmentation pattern [36]. GC can also be coupled
to MS. Tsikas et al. (2017) developed a method to measure the plasma concentrations of both
MDA and HNE simultaneously by using GC/MS. They used pentafluorobenzyl hydroxylamine
as a derivatization reagent, [1,3-2H2]-MDA (d2-MDA), and [9,9,9-2H3]-HNE (d3-HNE) as the internal
standards. The ionization technique used here was hard ionization with high energy such as electron
impact [37] and is different from soft ionization, which will be discussed later.

Syslová et al. (2009) developed a method using reverse phase HPLC/ESI-MS to assess the MDA
and HNE in plasma, urine, and exhaled breath condensate [38]. HNE-d3 and Me-MDA was used as
the internal standards, butylated hydroxytoluene (BHT) as the antioxidant, and acetonitrile was added
to the plasma. Then, the plasma was sonicated and centrifuged to remove the precipitated proteins.
The supernatant was dried under nitrogen gas, and re-suspended in acetonitrile to be injected into
HPLC. HPLC with a Hypercarb Thermo 100 mm × 2.1 mm × 5 mm column and Hypercarb-precolumn
was used. Water and ammonium hydroxide were used as solvent A, and methanol:acetonitrile with
ammonium hydroxide was used as the co-solvent. Derivatization with 4-2-trimethylammonio ethoxy
benzenaminiumhalide (4-APC) or cyclohexanedione (CHD) can be also done prior to extraction to
increase the ionization of these aldehydes [39,40].

3.2. OxPL

Using monoclonal antibodies is one of the well-established methods to assess the OxPL levels on
apoB100-containing lipoproteins, namely LDL, very low-density (VLDL), and lipoprotein (a) (LP (a)).
To perform this assay, the murine monoclonal antibody MB47 must be added initially to capture all
apoB-100 lipoproteins from the plasma. Then, by adding the E06 antibody, it can bind to apoB-100.
This method has been applied extensively to measure the OxPL levels in CVD [41]. The limitation of
this method is that only the OxPL species that are present on the apoB100 lipoproteins can be assessed,
and not the total amount of OxPL in the plasma. In addition, this method cannot identify specific
OxPL species among all types of OxPL (fragmented, non-fragmented OxPL) that are produced during
lipid oxidation [19]. To overcome these limitations, LC/MS has been introduced as the best option for
a detailed analysis of OxPLs.

Hassanaly et al. (2017) measured the levels of oxidized phosphatidylinositol (OxPI) in Ox-LDL
and human atherosclerotic plaque by using reversed-phase HPLC/ESI-MS. Using this approach,
they were able to identify and quantify 23 OxPI species in human Ox-LDL and atherosclerotic plaque.
They found that levels of OxPI species increased significantly in Ox-LDL at 48 h when compared with
the baseline. Moreover, non-fragmented hydroperoxides were the dominant species in Ox-LDL at 48 h,
comprising 52.07% of the total OxPI species. Fragmented aldehyde and carboxylic acid containing
OxPI comprised 17.32% and 0.89% of total the OxPI at the same time point. Likewise, in human
atherosclerotic plaques, which were retrieved from patients who underwent saphenous vein graft
(SVG) interventions, non-fragmented hydroperoxides were the most abundant OxPI compounds.
Fragmented aldehyde and carboxylic acid containing OxPI comprised 18.6% and 1.5 % of the total
OxPI compounds, respectively [42].
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OxPC species have been identified in patients that have undergone percutaneous coronary and
peripheral procedures by using normal phase HPLC/ESI-MS. In this study, the five most abundant OxPCs
were in embolized material captured by distal protection filter devices during uncomplicated saphenous
vein graft, carotid, renal, and superficial femoral artery interventions. 1-palmitoyl-2-(9-oxo-nonanoyl)
PC (PONPC) was the most abundant fragmented OxPC, which comprised 50% of the total quantified
fragmented OxPC compounds. POVPC, 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC),
and 1-palmitoyl-2-(5-keto-6-octene-dioyl) PC (KOdiAPC) were the other fragmented OxPC species
measured in this study [43].

Recently, we were able to identify and quantify 56 OxPC species including both
fragmented and non-fragmented OxPCs in rat kidneys following ischemia/reperfusion (I/R)
injury. 1-stearoyl-2-linoleoyl-phosphatidylcholine (SLPC-OH) and 1-palmitoyl-2-azelaoyl-sn-glycero-3-
phosphocholine (PAzPC) were the most abundant non-fragmented and fragmented OxPC after I/R,
respectively. The total levels of OxPC species (including fragmented and non-fragmented OxPC
compounds) increased significantly after both 6 h and 24 h reperfusion when compared with the sham
group. Concentrations of fragmented OxPCs were elevated significantly by increasing the time of
reperfusion as their levels were significantly higher following 24 h reperfusion when compared to
6 h I/R and sham groups. However, no significant differences were observed between the sham and
6 h I/R groups. Changes in the levels of non-fragmented OxPCs were different to the fragmented
compounds. Although the total levels of non-fragmented OxPC elevated significantly in the 6 h I/R
group, no differences were observed in the 24 h I/R group. These data pointed to the importance of
identifying the specific compounds, and not just the total concentrations of the oxidized species [44].

The first step in preparing samples for lipidomic analysis is extracting the lipids from the
cell/tissue/plasma. Currently, conventional liquid–liquid extraction has been widely used for the
extraction of OxPL [45]. Folch extraction, which uses chloroform/methanol, is one of the most
common extraction approaches to extract OxPL. Adding antioxidants such as BHT is recommended
to minimize further oxidation [46]. Recently, it has been suggested that enrichment strategies such
as using gold nanoparticles (GNP) and anti-Ox-LDL antibodies on plasma samples [47] or lipid
extracts [48] may increase the efficacy of OxPC identification. Hinterwirth et al. [47] used GNPS
with four different Ox-LDL antibodies, namely the E06, anti-Cu Ox-LDL antibody, anti-MDA-LDL
antibody, and anti-carboxymethyllysine-LDL antibody, to increase the detection of OxPC in plasma.
Stübiger et al. [48] also reported that using 2-aminobenzoic acid (2-AA) as the reagent with GNP
elevated the carbonyl-containing OxPC identification at subnanomolar concentrations, with up to 90%
recoveries [49].

To separate the OxPLs species, reverse phase HPLC with C8 or C18 columns with either isocratic
or gradient elutions has been widely used, although they can also be separated by normal phase
HPLC [43]. By using HPLC, OxPL are separated based on polarity and molecular weight before
interfacing with the MS, which increases the sensitivity of the assessment [50]. Reverse phase mobile
phases are usually a mixture of water, methanol, or acetonitrile. Hexane or isopropanol can also be
applied as co-solvents. Ammonium acetate, ammonium formate, or acetic or formic acid may also
be added to the solvent to facilitate ionization in MS. There are no detruded internal standards for
OxPLs analysis. Non-oxidized PLs and lyso PL (LPL) such as phosphatidylinositol (PI) (31:1) for
OxPI analysis and PC (9:0)/LPC(17:0) for OxPC analysis have been used as internal standards [42,44].
These PLs have the same structures and fragmentation patterns and are not produced in the body.
Therefore, they can be used as an internal standard to assess the extraction efficacy and instrument
response [51].

ESI/MS and matrix-assisted laser desorption/ionization (MALDI) are two forms of soft ionization
techniques. The soft ionization technique allows for the analysis of non-volatile compounds such
as OxPL. ESI can readily interface with HPLC. This is very important when analyzing OxPLs as the
levels of these compounds are considerably lower when compared with non-oxidized compounds.
Therefore, separation techniques prevent ion suppression, which may occur with high abundant
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molecular ions. On the other hand, sample preparation is simpler with ESI when compared with
MALDI as MALDI needs the co-crystallization of a matrix with the sample, which consequently may
affect the quantification of the analytes. MALDI can examine solid state samples and is useful for MS
imaging of tissue, while ESI needs tissue extraction as it requires a liquid sample [52]. Some studies
have used MALDI to quantify chlorinated PL [53,54]. However, no study has measured the levels of
oxidized lipids in tissue using MALDI. In a review by Ana Reis (2017), it was emphasized that MS
imaging to assess the distribution of OxPL in tissue is challenging due to the low concentrations of
OxPL/PL and the lack of fluorescent probes designed to bind to free OxPL in tissue samples [45].

3.3. Oxylipins

Like other oxidized lipids, traditional analytical methods have been widely used for assessing
oxylipins [55]. Miler et al. (1985) developed enzyme-linked immunosorbent assays (ELISA) to assess
LTC4, LTB4, 6-keto PGF1 alpha, and TXB2 [56]. The main drawback of this approach is that only one
analyte can be targeted with one set of analysis. GC/MS has also been utilized to measure oxylipins,
for instance, Tsukamoto et al. (2002) developed a method to measure oxylipins including PG, isoprostane
and TXs with GC/MS [57]. Due to the complex sample preparation and thermal decomposition during
derivatization, HPLC based methods have been used recently for oxylipin analysis [55].

HPLC/ESI-MS has been utilized to quantify plasma oxylipins in patients [18,58]. For instance,
Caligiuri et al. (2017) quantified 39 plasma oxylipins in patients with PAD using HPLC/ESI-MS [18].
Among all the identified/quantified oxylipins, 4 oxylipins were significantly correlated with the
presence of cardiovascular/cerebrovascular events. For instance, plasma levels of 8,9 DiHETrE were
significantly elevated in patients with ACS when compared with ones without ACS (0.3 ± 0.1 versus
0.2 ± 0.0 nM, respectively). Plasma concentrations of PGE2 were significantly higher in patients with
angina when compared with subjects without angina (0.4 ± 0.0 versus 0.3 ± 0.0 nM, respectively).
Moreover, they found that 16-HETE, TRX B2, and 11,12- DiHETrE increased the odds of having
cardiovascular/cerebrovascular events in this population.

To prepare samples for lipidomic analysis, oxylipins can be extracted using liquid–liquid
extraction and/or solid-phase extraction procedures. Use of chloroform/methanol mixtures, according
to Bligh and Dyer, is the most common liquid–liquid extraction protocol for oxylipins. In this method,
oxylipins are dissolved in organic solvents, but hydrophilic materials such as proteins are eliminated
following phase separation. Solid-phase extraction can be conducted using commercial columns
pre-packed with various sorbents. Reverse-phase HPLC with a C18 column has been used widely
to separate oxylipins [18]; however, Zu 2016 et al. used ultra-performance liquid chromatography
(UPLC) (C18 column) to separate oxylipins before analysis with MS [15]. The UPLC column has
better resolution, lower detection limits, and a shorter chromatographic run when compared with
HPLC [51]. Deuterated oxylipins are commercially available, which are used as internal standards.
These standards are matched with groups of endogenous oxylipin species in terms of chemistry,
retention time, and ionization efficiencies [51]; as mentioned previously, internal standards are needed
to assess the extraction efficacy and instrument response [51].

Tandem mass spectrometry is the most sensitive system for analyzing oxidized lipids, particularly
when predetermined species are desired, and is known as the targeted approach. Multiple-reaction
monitoring (MRM) is an acquisition mode that monitors the transition of a selected precursor ion,
based on the mass/charge value, to a specific product ion using the fragmentation pattern. It has been
reported that by using separation techniques such as UPLC and MRM transitions, more than hundreds
of oxylipins can be identified/quantified in a single acquisition at picogram/fentomole levels [59].

Quantifications of oxidized lipids can be carried out by generating calibration curves for internal
standards. As mentioned previously, deuterated oxylipins are commercially available, which can be
used as oxylipin internal standards. However, non-oxidized PLs and lyso PL (LPL) such as PI (31:1),
PC (9:0), and LPC (17:0) have been used as internal standards for OxPI and OxPC quantifications as
there is no deuterated standard for OxPL analysis.
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4. Role of Bioactive Lipids in ACS

4.1. 4-HNE and MDA

Previous studies have shown that 4-HNE may contribute to many cardiovascular diseases
(CVD) [60–62]. It can be generated during Ox-LDL oxidation and makes apo B-adducts, which are
identified by scavenger receptors, leading to elevated uptakes of Ox-LDL by macrophages and the
formation of foam cells. Previous studies were able to identify HNE-adducts in human atherosclerosis
lesions by using anti-HNE antibodies [63,64]. The role of HNE in ACS has not been studied well;
however, a study by Gargiulo et al. (2015) showed that HNE may induce plaque instability by
increasing the expression and synthesis of inflammatory cytokines such as interlukine-8 (IL-8),
interlukine1-β (IL-1β), tumor necrosis factor-α (TNF-α), and matrix metalloproteinase-9 (MMP-9) via
Toll-like Receptors 4/Nuclear Factor-κB (TLR4/NF-κB) signaling pathways [65]. In addition, a recent
study showed that levels of HNE in coronary sinus were significantly higher in STEMI patients before
and after percutaneous coronary intervention (PCI) when compared with patients with stable ischemic
heart disease (IHD) who underwent elective PCI [33].

In the last 30 years, numerous studies have extensively shown that elevated levels of MDA
are associated with CVD. Having traditional CVD risk factors such as cigarette smoking [21,66],
hypertension [66], hyperlipidemia [67,68], and diabetes [69,70] were reported to be significantly
correlated with higher MDA levels. Increased levels of MDA have been reported in plasma of patients
with atherosclerotic diseases [71]. A nested case-control cohort showed that LDL-MDA was a strong
predictor of carotid wall thickness in hypercholesterolemic men [72]. In a perspective study with
634 patients having CVD, serum levels of MDA were strong predictors of cardiovascular events
(including MI, stroke, hospitalizations for non-fatal cardiovascular events mainly UA), and major
vascular procedures (percutaneous transluminal coronary angioplasty (PTCA)/coronary artery bypass
grafting (CABG)), independent of traditional risk factors such as blood pressure (BP), total cholesterol,
high-density lipoprotein-cholesterol (HDL-cholesterol), LDL-cholesterol, triglycerides (TG), age,
gender, body mass index (BMI), and inflammatory markers in patients with coronary heart disease
(CHD) [73]. In a study by Bagatini et al. (2011), increased levels of MDA were observed in MI patients
and subjects with CVD risk factors (including cigarette smoking, hypertension, and family history of
CHD) when compared to healthy controls [74].

4.2. OxPL

Atherogenicity of OxPLs was shown by Hörkkö et al. (1999) as they found that OxPLs
contribute to Ox-LDL recognition by macrophages. They also found that the monoclonal antibody
E06, which binds to the phosphocholine head group of PLs on Ox-LDL, inhibits Ox-LDL uptakes
by macrophages [75]. Since then, several studies have shown that OxPLs may have roles in various
steps of atherosclerosis such as facilitating Ox-LDL uptake by macrophages [76], mediating cellular
inflammatory responses [77], and stimulating angiogenesis [25].

1-palmitoyl-2-oxovaleroyl-sn-glycero-3-phosphorylcholine (POVPC), and 1-palmitoyl-2-glutaroyl-
sn-glycero-3-phosphorylcholine (PGPC), which are derived from arachidonyl phosphatidylecholines,
are produced during Ox-LDL modification and have been identified in atherosclerotic plaques [78,79].
These fragmented OxPLs are toxic and create tissue injury through inflammatory responses [77] and
apoptosis [80]. LP (a) is the main carrier of OxPLs in plasma, although they can also be transferred by
LDL and HDL [81]. Previous studies have demonstrated that levels of OxPLs are strongly correlated
with LP (a) levels and the extent of coronary stenosis [82,83]. Therefore, it has been suggested
that the atherogenicity of LP (a) can be attributed to OxPLs as its a carrier of proinflammatory
oxidized molecules.

Tsimikas et al. (2003) developed a method to measure OxPL by using murine monoclonal
antibody E06 [13]. This antibody binds to the phosphorylcholine (PC) head group of OxPL, particularly
POVPC. Therefore, the amount of PC-OxPL per apoB-100 (OxPL/ApoB) containing lipoproteins can
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be calculated. By using this approach, they showed that OxPL levels increased significantly in MI
patients after PCI, suggesting that these compounds are released and/or generated as a result of plaque
rupture [13,84]. Prospective studies have shown that OxPLs levels can be considered as biomarkers
of atherosclerosis progression, cardiovascular death, MI, and stroke. In a prospective Bruneck study,
the 5-year follow-up of 700 participants aged 40 to 79 years old showed that OxPLs levels were
strongly and significantly associated with the presence, extent, and development of carotid and
femoral atherosclerosis, and predicted the presence of symptomatic CVD [85]. The ten-year follow-up
of this population showed that risk of cardiovascular events, which was defined as cardiovascular
death, MI, stroke, and transient ischemic attack (TIA), were significantly elevated in participants in the
highest tertile of OxPLs/apoB than those in the lowest tertile independent of traditional risk factors,
suggesting that OxPLs/apoB levels may predict the risk of 10-year CVD events [86].

4.3. Oxylipins

Pioneering studies have shown the association between oxylipins derived from AA with UA and
atherosclerosis. Elevated levels of TXB2 have been reported in the coronary circulation of patients with
unstable angina [87,88]. Moreover, Mallat Z et al. (1999) showed that HETEs levels were significantly
higher in plaques obtained from symptomatic patients (with unstable plaque) versus patients with
stable plaques [89]. Similarly, Waddington et al. (2001) found higher levels of 15-HETE and 11-HETE
in atherosclerotic plaque retrieved from individuals undergoing carotid endarterectomy [90]. Recently,
a targeted metabolomics study showed that among all identified metabolites, 20-HETE was the only
compound that was significantly higher in patients with atheroma plaque when compared with healthy
subjects [91].

New studies have also investigated the role of oxylipins in the diagnosis and prognosis of ACS
and MI. A retrospective nested case-control study, comprised of 470 ACS patients and 39 subjects
without CHD as a control group, was conducted in a Chinese population [15]. Among the ACS
patients, subjects who had had a major adverse cardiovascular event (MACE) during the 1037 days
of follow up period were identified as the MACE group, and ACS patients without MACE during
this period were named as the non-MACE group. In this study, LTB4, 8-HETE, 11-HETE, 12-HETE,
and 15-HETE were significantly elevated in the ACS patients (both the MACE and non- MACE groups)
when compared with the controls. In addition, the levels of 5-HETE and 9-HETE were significantly
higher in the MACE group when compared with the controls, suggesting the potential diagnostic
value of these oxylipins in ACS. In addition, the levels of 20-HETE were significantly elevated in
the STEMI group when compared with the non-STEMI group, indicating that the pathogenesis of
STEMI and non-STEMI may be different. Moreover, the 19-HETE levels, a vasodilator oxylipin,
were significantly lower in the MACE group than the non-MACE and control groups. ACS patients
who had higher levels of 19-HETE (higher than 0.13 ng/mL) tended to have better prognosis (up to
72%) than those with lower levels [15]. In a prospective study by Sun et al. (2016) [92], the association
between oxylipins and the incidence of MI was investigated in 744 AMI cases and 744 matched
controls, aged 47–83 years within the Singapore Chinese Health Study. They found inverse correlations
between pro-thrombotic TXB2 and AMI risk, and suggested that this unexpected association was
more related to sample collection, processing, and storage conditions than biological differences.
Moreover, in this study, only 19 oxylipins, which had potential roles in inflammation, blood pressure,
and platelet degranulation were measured, and not the full spectrum. In a study by Caligiuri et al.
(2017), the associations between oxylipins and the occurrence of cardiovascular/cerebrovascular events,
defined as STEMI, non-STEMI, and UA, in 24 patients with peripheral artery disease (PAD) were
assessed. They found that levels of 16-HETE, TXB2, and 11,12-DiHETrE were significantly associated
with increased odds of cardiovascular/cerebrovascular events in PAD patients and showed that with
every 1 nmol/L increase in 8,9-DiHETrE concentrations, the odds of ACS increased by 454-fold. In this
particular study, 8,9-DiHETrE elevated the odds of ACS by 92-fold [18].
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All of the clinical studies that have assessed these bioactive lipids in ACS patients are presented
in Table 1.

Table 1. Clinical studies that have assessed bioactive lipids in ACS patients

Oxidized
Lipids

Author Year Method of
Detection

Population Results

HNE/MDA Aznar [4] 1983 TBARS-
spectrophotometry

MI patients, patients with
angina pectoris (AP), and
normal control group

MDA values were normal in AP patients. MDA
levels increased significantly following MI and
reached maximum levels in 6–8 days

De Scheerder [32] 1991 TBARS-
spectrophotometry

CABG surgery candidates Levels of MDA increased after repetitive coronary
occlusions during coronary angioplasty. After 5-min
of reperfusion, MAD levels further increased.
Following 15-min of reperfusion, it returned to
baseline levels

Walter [73] 2004 HPLC-
spectrophotometry

Patients with documented
CAD

Baseline levels of MDA were higher in patients who
had major/nonfatal MI, and major vascular
procedures after three-year study

Kaminski [33] 2009 HPLC-
spectrophotometry

STEMI patient and stable
angina patients (as controls)

Higher HNE and MDA levels in STEMI patients
compared to controls

More [14] 2017 TBARS-
spectrophotometry

MI patients and normal
healthy control

Higher MDA levels in MI patients compared
to control

Ismail [12] 2018 TBARS-
spectrophotometry

MI patients and
healthy controls

Higher MDA levels in MI patients compared
to control

OxPL Tsimikas [13] 2003 OxPL/ApoB Patients with ACS (MI and
unstable angina), stable
angina and healthy subjects

Baseline levels of OxPL/ApoB were significantly
higher in ACS patients compared with stable angina
and healthy controls. In MI patients, OxPL/ApoB
increased by 54% and 36% at hospital discharge and
30 days, respectively

Tsimikas [84] 2004 OxPL/ApoB Patients with stable angina
pectoris undergoing PCI

OxPL/ApoB levels increased following PCI

Tsimikas [83] 2005 OxPL/ApoB CAD patients underwent
coronary angiography

Percentage of stenosis was correlated with
OxPL/apoB levels. OxPL/apoB levels predicted
CAD independent of all other clinical markers
except for LP (a)

Tsimikas [86] 2006 OxPL/ApoB Subjects aged 40 to 79 year-old
followed for 5 years

OxPL/ApoB levels predicted the presence of
symptomatic CVD

Kaminski [33] 2007 OxPL/ApoB Subjects aged 40 to 79 year-old
followed for 10 years

OxPL/ApoB levels predicted future cardiovascular
events independent of FRS

Byun [16] 2015 OxPL/ApoB Patients treated with intensive
versus moderate atorvastatin
therapy: the TNT trial

OxPL/apoB levels predicted secondary MACE

Leibundgut [93] 2016 OxPL/plasminogen
(PLG) and
plasminogen

Patients with stable angina OxPL/PLG and plasminogen decreased significantly
immediately after PCI, rebounded to baseline at 6 h
post-PCI, peaked at 3 days and slowly returned to
baseline by 6 months

Byun [17] 2017 OxPL/ApoB Patients with prior stroke or
TIA

Elevated baseline levels of OxPL/apoB predicted
recurrent stroke and first major coronary events after
five-year follow up

Oxylipins Strassburg [58] 2012 HPLC-MS Patient underwent cardiac
surgery

Increased levels of 12-HETE and 12-HEPE at
24 h-post cardiac surgery

Zu [15] 2016 UPLC-MS ACS patients with or without
MACE during follow up

20-HETE level was significantly higher in STEMI
group comparing with NSTEMI. ACS patients with
19-HETE levels tended to have better prognosis for
MACE.

Auguet [91] 2018 HPLC-MS Patients who underwent
carotid endarterectomy

20-HETE levels were significantly higher in patients
with atheroma plaque than healthy subjects

Caligiuri [18] 2017 HPLC-MS Patients with PAD 8,9-DiHETrE increased the odds of ACS. A positive
relationship was observed between plasma
concentrations of 18-HEPE and ACS.

5. Conclusions

There is accumulating evidence that bioactive lipids play roles in ischemic cardiovascular disease.
We have made great strides in elucidating their activity by utilizing antibody based approaches.
Given the advances in mass spectrometry, we were able to identify and quantitate individual oxidized
lipids in plasma. It is important that we standardize the current mass spectrometric methods of
quantitation and analysis, so that large cohorts of patients can be analyzed. This would lead to a better
understanding of the specific contribution of each lipid molecule to the overall pathophysiology.
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Abstract: In cystic fibrosis (CF), impaired airway surface hydration (ASL) and mucociliary clearance
that promote chronic bacterial colonization, persistent inflammation, and progressive structural
damage to the airway wall architecture are typically explained by ion transport abnormalities
related to the mutation of the gene coding for the Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) channel. However, the progressive and unrelenting inflammation of the CF
airway begins early in life, becomes persistent, and is excessive relative to the bacterial burden.
Intrinsic abnormalities of the inflammatory response in cystic fibrosis have been suggested but the
mechanisms involved remain poorly understood. This review aims to give an overview of the
recent advances in the understanding of the defective resolution of inflammation in CF including the
abnormal production of specialized pro-resolving lipid mediators (lipoxin and resolvin) and their
impact on the pathogenesis of the CF airway disease.

Keywords: resolvin; lipoxin; cystic fibrosis

1. Cystic Fibrosis

Cystic fibrosis (CF) is due to the mutation of the gene coding for the CFTR Chloride channel.
Among more than 2000 mutations of the cftr gene, the most common (F508del) results in a protein
folding defect, its retention in the endoplasmic reticulum (ER), and degradation by the proteasome [1].
CF affects many organs where the CFTR protein is normally expressed, however, the progressive
lung destruction is the main cause of morbidity and mortality. In the healthy lung, mucociliary
clearance, which requires optimal hydration of the airway surface liquid (ASL), propels inhaled
particles, micro-organisms, and allergens towards the pharynx so that they can be expectorated and
removed from the lungs, thus protecting from infection and inflammation. Mutations of cftr result in
defective Cl− secretion and Na+ hyperabsorption in airway epithelium. This ion transport dysfunction
contributes to a reduction of the periciliary fluid volume and impairs mucociliary clearance, as seen in
Figure 1, thus favoring bacterial colonization and sustained inflammation.

The focus on the function of CFTR in regulating epithelial ion transport and airway surface
hydration provided a convincing explanation of the pathogenesis of airway disease in CF. The discovery
in the CF epithelium of reduced ASL height and poor mucociliary clearance [2] was a significant step
towards understanding this process in greater detail, as shown in Figure 1. However, the studies
of altered ion and water transport alone failed to fully elucidate the mechanism by which the cftr
gene mutation leads to pathogenesis in the CF lung. Furthermore, evidence began to emerge in
the mid-1990s that airway inflammation begins much earlier than had previously been appreciated,
even in children who are asymptomatic at the time of testing [3,4]. Overall, despite decades of research,
the precise pathogenesis of the lung disease in CF remains not well understood.
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Figure 1. Cystic fibrosis (CF) and non-CF airway epithelial transport. (a) In non-CF airway epithelium,
the airway surface liquid (ASL light blue) layer height is finely regulated by transepithelial chloride
secretion and sodium absorption that involve the activities of the CFTR chloride channel (green arrow
through CFTR) and the epithelial sodium channel (grey arrow through ENaC), respectively. In this
tissue, the CFTR protein is normally expressed and trafficked (ER: endoplasmic reticulum, G: Golgi)
toward the apical membrane of epithelial cells to play a role as a chloride channel and to down regulate
ENaC activity. (b) In the case of the most common CF mutation, the CFTR protein is retained in
the ER and degraded by the proteasome (P). This results in altered chloride secretion trough CFTR
and regulation of ENaC (red cross) and leads to an ASL height decrease that favors bacterial (green
rectangle) and neutrophil (N) accumulation in the airway. (c) Classical hypothesis for CF airway
pathogenesis showing the central role of dehydration/ altered mucociliary clearance (red) that results
from ion transport abnormality.

2. Persistent Inflammation in Cystic Fibrosis

The acute inflammatory response is a normal host-protective response to contain foreign invaders.
In CF, the inflammatory reaction is characterized by a predominant neutrophilic component and
increased concentrations of pro-inflammatory mediators, including TNF-α, IL-1β, IL-6, IL-8, IL-17,
IL-33, GM-CSF, G-CSF, and HMGB-1 [5]. An excessive airway inflammation is developed in early life
of patients with CF and persists even in absence of infection [3,6,7].

Two main factors lead to sustained airway inflammation: an increased neutrophil recruitment
and their defective elimination (for recent reviews Chmiel et al. [5,8]). Recurrent infections result
in neutrophil over-recruitment in CF patients’ airways. In addition, it has been proposed that the
excess of pro-inflammatory mediators’ production by airway epithelial cells, which triggers neutrophil
recruitment, is related to a CFTR-dependent activation of the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) pathway, as well as a decreased interferon-γ production [9–11].
Increased neutrophil count is also related to the defective mechanisms of elimination related to the
altered airway mucociliary clearance resulting from CFTR loss of function and Na+ hyper-absorption,
as seen in Figure 1. Furthermore, neutrophils from CF patients are less sensitive to apoptosis and CF
macrophages show a decreased phagocytic activity [12–15].

Neutrophils also present functional defects. The loss of bacteria-killing capacity of CF neutrophils
contributes to the maintenance of infection and persistence of inflammation [16,17]. The altered
efferocytosis and mucociliary clearance result in the necrosis of neutrophils in the airways. This results
in the liberation of toxic and pro-inflammatory compounds and to the recruitment of new neutrophils,
leading to the persistence of inflammation [18,19].
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Overall, it does not appear that the excessive inflammatory response in CF results from altered
triggering mechanisms but is mainly due to its inefficiency to contain infection and to abnormality in
its resolution phase [5,8].

3. Resolution of Inflammation

The acute inflammatory response is normally self-limited with an active resolution phase
designed to restore tissue homeostasis. The resolution of inflammation was initially thought to
be a passive process and that inflammatory mediators from the initiation of the acute response (e.g.,
chemoattractants, complement components, prostaglandins, chemokines and cytokines) would simply
dilute and dissipate to stop the infiltration of leukocytes into the tissues. However, studies performed
by Serhan and colleagues on mouse inflammatory exudates revealed that acute inflammatory responses
involve an active resolution phase carried out by specialized pro-resolving eicosanoid mediators (SPM)
such as Lipoxins (LX) [20], resolvins (Rv) [21], protectins (PD) [22], and maresins (Mar) [23] that are
locally produced from polyunsaturated fatty acids.

The temporal evolution of acute inflammation and its active resolution involves the sequential
biosynthesis and activity of characteristic classes of an eicosanoid mediator in a process termed
“class switching” [24]. Leukotriene B4 (LTB4) plays its role in amplification and propagation of
inflammation [24] acting in concert with the peptide Interleukin 8 (IL8) as a potent neutrophil
chemo-attractant [25,26]. Both LTB4 and IL8 are negatively correlated with pulmonary function
in CF. Lipoxin A4 (LXA4) is the first eicosanoid mediator to be expressed in the active resolution phase
and down-regulates neutrophil effector functions: limiting neutrophil chemotaxis, adherence and
transmigration, and inhibiting superoxide anion and peroxynitrite generation [27]. Leukotrienes and
lipoxins are closely related metabolites of arachidonic acid and can be synthesised from a common
unstable intermediate [25]. They exhibit counter-regulatory effector functions and LXA4 inhibits
LTB4 induced neutrophil transmigration in a dose dependent manner [28]. Along with lipoxins,
other endogenous lipid mediators, including omega-3-derived resolvins, protectins, and maresins,
stimulate and promote resolution of inflammation, clearance of microbes, tissue regeneration, and pain
reduction, but do not evoke unwanted immunosuppression. SPMs are also involved in the regulation
of adaptive immunity of B and T lymphocytes and can lower the amount of antibiotics needed to clear
infections and reduce the potential for antibiotic resistance [29]. The abnormal process of resolution of
inflammation is now considered a pathophysiologic basis associated with widely occurring diseases
such as cardiovascular disease, neurodegenerative diseases, asthma, diabetes, and obesity, as well as
arthritis, periodontal diseases, and cystic fibrosis.

4. Abnormalities of Lipid Levels in Cystic Fibrosis

Before the gene defect responsible for CF was identified, it was suggested that fatty acid
metabolism abnormalities were responsible for the clinical symptoms of the CF disease. In 1962
Kuo et al. proposed that the disease was characterized by low linoleic acid (LA) concentrations in
plasma and tissues [30]. Several groups also reported an important unbalance of unsaturated fatty acid
with increased release of arachidonic acid (AA) and decreased levels of docosahexaenoic acid (DHA)
in CF [31–33]. These lipid abnormalities were mainly explained by the fat malabsorption caused by
the pancreatic insufficiency present in 85% of the patients [34,35]. In addition, CFTR dysfunction
has been related to increased expression and activity of phospholipase A2 (PLA2) [36–41]. Since the
release of AA by phospholipases is rate-limiting for the eicosanoid synthesis, an abnormal activity of
PLA2 is a possible mechanism involved in increased AA levels in CF [42]. Increased oxidative stress,
which is well documented in CF, has been also suggested as a cause of the fatty acid abnormalities
seen in CF [43,44]. However, several studies were performed with supplementation of DHA (that
should correct the unbalance between AA and DHA) to patients with CF, and failed to show significant
clinical improvement [45–47].
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A few groups have studied the levels of lipoxin, a metabolite of AA that could play a role in
the pathophysiology of CF airway disease [48,49]. The mean content in LXA4, either absolute or
adjusted to neutrophil count, did not significantly change in bronchoalveolar lavage (BAL) samples
from patients with CF when compared to BAL samples from individuals without CF [48,50]. However,
a significant decrease in LXA4 levels adjusted to neutrophil count was found in BAL from patients
with CF when compared to BAL from patients with an airway inflammation but without CF [49].
Furthermore, a significant decrease in LXA4 levels adjusted to the pro-inflammatory cytokine IL8
(LXA4/IL8 ratio) was found in BAL samples of CF patients compared to control subjects [48,49].
In BAL and sputum samples from patients with CF, inter-individual changes in LXA4 content did
not correlate with IL8 content [48]. The abnormality of eicosanoid class switching has been further
investigated by analyzing LXA4/LTB4 ratios in BAL samples. In individuals without CF, LXA4/LTB4
ratio was related to infection, and was significantly higher in sterile samples than that measured
in BAL samples from which pathogens were cultured. In contrast, in BAL samples from patients
with CF, LXA4/LTB4 ratio did not vary with infection status and was uniformly depressed when
compared with BAL from control children [48]. Consistent with reduced levels of DHA, RvD1/Il8
was also found to be decrease in sputa from CF patients, even in the absence of an acute infection or
exacerbation [51]. Taken together, these data demonstrated that abnormalities in lipid metabolism,
including SPM biosynthesis, characterize the CF airway disease.

5. Cellular Mechanisms Involved in the Defective Production of SPM in Cystic Fibrosis

To date, approximately 30 kinds of SPMs have been found in inflammatory exudates: lipoxins,
D-series and E-series resolvins, protectins, and maresins. They are produced at inflammatory sites from
essential fatty acids (AA, DHA and eicosapentaenoic acid (EPA)) by the interaction of lipoxygenase
(LO) activities within several cell types including leukocytes, platelets and epithelium, as seen in
Figure 2 [25,52]. The level of expression of 15LO in airway epithelial cells and macrophages and the
levels of 12LO in platelets play a central role in the eicosanoid class-switching from leukotrienes B4
(LTB4), a pro-inflammatory lipid mediator, toward SPMs. Indeed, the activity of 15LO favors LXA4
(pro-resolving) synthesis at the expense of LTB4 (pro-inflammatory) synthesis that involves leukotriene
A4 hydrolase (LTA4H) activity (Figure 2) [25]. Cellular location of 5LO also plays a crucial role in
LTB4/SPM equilibrium. Inhibition of the CaM kinases by RvD1 favors extra-nuclear location of 5LO,
and LXA4 biosynthesis at the expense of LTB4 [53]. A reduced expression of 12/15LO in the airway of
a CF mouse model as well as a reduced 15LO2 level in the BAL of patients with F508del mutation was
described [48,49]. A defective 12LO activity has been reported in platelets during CFTR inhibition [54].
The 15LO expression was shown to be decreased by 50% in nasal epithelium of patients with CF
compared to non-CF [55]. The 5LO was initially thought to be restricted to leucocytes, but is also
expressed in human bronchial epithelial cells [56]. The cellular mechanism by which CFTR could
affect 5LO, 12LO, 15LO, 15LO2 and/or LTA4H level of expression, cellular localization and activities
in CF airways remains unclear. However, several data suggested that the abnormal SPM production in
CF is related to abnormal LO expression and/or activity in cells that fail to normally express CFTR,
including CF airway epithelium and platelets [48,49,54,55].
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Figure 2. Schematic view of specialized pro-resolving eicosanoid mediators (SPM) biosynthesis
pathways. Lipoxin and resolvin result from lipoxygenases interactions. Transcellular biosynthesis can
occur via the interactions of two or more cell types expressing different enzymes. Epithelial cells and
macrophages express the 15-lipoxygenase (15LO), that metabolizes docosahexaenoic acid (DHA) and
arachidonic acid (AA) to produce 17(S)-HpDHA and 15-Hydroxyeicosatetraenoic acid (15(S)-HETE),
respectively. These products of 15LO activity are the substrates for the 5LO expressed in neutrophils,
to synthetize resolvin and lipoxin (pro-resolving mediators). The 5LO can also metabolize AA into
leukotriene A4 (LTA4), which can be substrate of both, the 15LO to produce lipoxin or the LTA4H
to produce leukotriene B4 (pro-inflammatory mediator). The pro-resolving pathways are illustrated
in green, the pro-inflammatory pathway in red, and enzyme/product/substrate involved in both
pathways in brown. The precise mechanism by which CFTR could affect LO activity is not known
(green dotted arrow).

6. SPM Impact on CF Airway Epithelial Transport and ASL Height

In CF, the decreased levels in ASL height has been reported to be mainly due to a defect in
trafficking and function of CFTR as a Cl− channel as well as its impact on ENaC regulation leading to
an increase in Na+ absorption (Figure 2).

The calcium-activated chloride channel TMEM16A (Transmembrane member 16A) and the
SLC26A9 (Solute Carrier Family 26 Member 9) are two other anion channels that provide the critical
regulation of mucus hydration of airway epithelium [57]. Both TMEM16A and SLC26A9 activities
which attenuate airway inflammation and prevent mucus obstruction during airway inflammation
have been considered as alternative therapeutic targets to bypass CFTR dysfunction in the airway
epithelia of CF patients However, strategies for increasing intracellular calcium concentration to
stimulate calcium-activated chloride secretion have been plagued by the amplification of the calcium
dependent pro-inflammatory response [58,59]. Therefore, research for pharmacological long-lasting
stimulation of TMEM16A independent of intracellular Ca2+ has been intensified [60]. The SLC26A9,
a member of the solute carrier 26 family of anion transporters was shown to act as a modifier of CF
lung disease severity and the response to CFTR modulator therapy [61,62]. An alternative strategy to
deliver artificial non-toxic Cl− transporters to CF epithelia have emerged [60].

On another side, consistent with their effect in resolution of inflammation and stimulation of
innate immunity, LXA4 and RvD1 treatments have been shown to target epithelium and to regulate
airway epithelial ion transport [63]. LXA4 stimulates CFTR-independent chloride secretion and inhibit
amiloride-sensitive Na+ absorption resulting in an ASL height increase in human CF and non-CF
airway epithelium [64–67]. This effect involves the apical ATP (adenosine triphosphate) secretion
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through pannexin channels induced by LXA4, leading to purino-receptor activation and further
triggering of an intracellular calcium signal [63,65]. RvD1 also increases the CF ASL height of human
bronchial epithelium in a calcium-dependent manner by decreasing the amiloride-sensitive Na+

absorption and stimulating CFTR-independent Cl− secretion. In vivo studies reflect these in vitro data
showing that LXA4 and RvD1 restored the nasal transepithelial potential difference in CF mice [67].
These observations, shown in Figure 3, support the concept that the abnormal production of SPM in
CF contributes to the dehydration of the airway surface and the defective airway clearance.

Figure 3. Novel hypothetical model for cystic fibrosis (CF) airway pathogenesis. In CF and non-CF
airway bacterial infection triggers inflammation. In non-CF cells (top), self-limited inflammation
involves the biosynthesis of specialized pro-resolving eicosanoid mediators (SPM) that enhance
mucociliary clearance, bacterial killing, resolution of inflammation, and tissue repair, resulting in tissue
returning to homeostasis (green). In CF cells (bottom), after initiation of inflammation, the eicosanoid
class switching is altered and SPM are abnormally produced. This results into a defective mucociliary
clearance, sustained inflammation, inefficient bacterial killing and tissue repair that lead to respiratory
failure (red). This model enhances the role of SPM in the resolution phase of inflammation compared
to the impact of dehydration and altered mucociliary clearance.

7. SPMs’ Role in Bacterial Clearance and Limiting Tissue Damage

Resolution of acute inflammation has been shown to be crucial for ensuring bacterial clearance
and limiting tissue damage. A few groups investigated the protective actions of LXA4 and RvD1 in
lung infection induced by Pseudomonas aeruginosa. Patients with CF have a predisposition to chronic
colonization and infection with P. aeruginosa, an organism whose presence in the CF lung is associated
with progressive respiratory compromise. Antibiotics are insufficiently successful, because of resistance
mechanisms developed by P. aeruginosa [68]. P. aeruginosa can escape killing by the immune system
and establish chronic infections that do not resolve [69,70].

Karp et al. have shown that administration of a metabolically stable LXA4 analog in a mouse
model of the chronic airway inflammation and infection associated with cystic fibrosis decreased
pulmonary bacterial burden and attenuated disease severity [49]. In vitro, LXA4 has been reported
to delay colonization of airway epithelium by P. aeruginosa by enhancing the airway transepithelial
electrical resistance and the expression of the tight junction protein ZO-1 at the plasma membrane
in human bronchial epithelial cells [64,71]. LXA4 also stimulates airway epithelial repair (migration
and proliferation) via stimulation of ATP-sensitive potassium channel and mitogen-activated protein
kinase pathway [72,73].
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RvD1 decreased TNFα induced IL-8 secretion and enhanced the phagocytic and bacterial killing
capacity of human CF alveolar macrophages [67]. RvD1 significantly diminished bacterial growth and
neutrophil infiltration during acute pneumonia caused by a clinical strain of P. aeruginosa. Inoculum of
P. aeruginosa, immobilized in agar beads, resulted in persistent lung infection and non-resolving
inflammation. RvD1 significantly reduced bacterial load, leukocyte infiltration, and lung tissue
damage. In murine lung macrophages sorted during P. aeruginosa chronic infection, RvD1 regulated
the expression of Toll-like receptors, downstream genes, and microRNA (miR)-21 and 155, resulting in
reduced inflammatory signaling [74]. Finally, Eickmeier et al. have reported that RvD1 levels in plasma
and sputum samples from patients with CF showed a positive correlation with sputum inflammatory
markers. The plasma concentrations of RvD1 were ten times higher than sputum concentrations and
sputum RvD1/IL-8 levels showed a positive correlation with FEV1 [51].

These data, seen in Figure 3, provide evidence for a role of SPM in acute and chronic P. aeruginosa
pneumonia, and for its potent pro-resolution and tissue protective properties.

8. Conclusions

Cystic fibrosis, the most common lethal genetic disease in Western populations, is characterized
by a chronic inflammation and sustained neutrophilic inflammation of the airways. The most recent
reports suggest that the persistent inflammation in CF airways appeared to be due to an altered
resolution phase and efficiency to contain infection rather than abnormalities in its triggering. Early
studies suggested that the abnormal fatty acid metabolism in CF played a central role in the CF disease,
and more recent studies demonstrated the sustained airway inflammation to be related to an abnormal
eicosanoid class switching between SPM (lipoxin and resolvin) and leukotrienes. Although the precise
role of CFTR mutation on SPM biosynthesis remains unclear, the role of SPM in resolving inflammation,
in increasing the airway surface liquid layer, in enhancing bacterial clearance and tissue repair strongly
suggest that the altered production of pro-resolving lipid mediators play a central in CF pathogenesis,
as shown in Figure 3.
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Abstract: The GBA2 gene encodes the non-lysosomal glucosylceramidase (NLGase), an enzyme
that catalyzes the conversion of glucosylceramide (GlcCer) to ceramide and glucose. Mutations
in GBA2 have been associated with the development of neurological disorders such as autosomal
recessive cerebellar ataxia, hereditary spastic paraplegia, and Marinesco-Sjogren-Like Syndrome.
Our group has previously identified the GBA2 c.1780G>C [p.Asp594His] missense mutation, in a
Cypriot consanguineous family with spastic ataxia. In this study, we carried out a biochemical
characterization of lymphoblastoid cell lines (LCLs) derived from three patients of this family.
We found that the mutation strongly reduce NLGase activity both intracellularly and at the plasma
membrane level. Additionally, we observed a two-fold increase of GlcCer content in LCLs derived
from patients compared to controls, with the C16 lipid being the most abundant GlcCer species.
Moreover, we showed that there is an apparent compensatory effect between NLGase and the
lysosomal glucosylceramidase (GCase), since we found that the activity of GCase was three-fold
higher in LCLs derived from patients compared to controls. We conclude that the c.1780G>C mutation
results in NLGase loss of function with abolishment of the enzymatic activity and accumulation of
GlcCer accompanied by a compensatory increase in GCase.

Keywords: GBA2; non-lysosomal β-glucosylceramidase; β-glucocerebrosidase; spastic ataxia;
glucosylceramide; plasma membrane; lymphoblastoid cell lines
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1. Introduction

Sphingolipids (SLs) are a class of lipids mainly associated with the external leaflet of the plasma
membrane (PM) of all eukaryotic cells, playing an important role in the structural integrity of the
PM and cellular signaling [1]. Glycosphingolipids (GSLs) are SLs with a head-group formed by a
mono- or oligosaccharide moiety. Glucosylceramide (GlcCer) is the simplest member of GSLs and it is
formed in the Golgi complex by the glycosylation of ceramide [2]. SLs play a fundamental role in cell
physiology and this can be demonstrated by the numerous genetic diseases that arise from mutations
in enzymes involved in SL metabolism and transport [3,4]. Cells can alter their lipid composition by the
action of different hydrolases that are active at the lysosomes or at the PM, such as sphingomyelinase
(SMase), β-hexosaminidase (β-Hex), β-galactosidase (β-gal), β-glucocerebrosidase (GCase), and the
non-lysosomal β-glucosylceramidase (NLGase) [5,6].

GCase and NLGase are both involved in the catabolism of GlcCer to ceramide and glucose. GCase
(EC 3.2.1.45) is encoded by the GBA gene (MIM_606463), located on chromosome 1q21. GCase is a
membrane glycoprotein of 497 amino acids with a β-barrel structure, ubiquitously expressed in all
tissues and mainly localized in lysosomes. The catalytic site of GCase contains two highly conserved
residues of glutamic acid, which are necessary for the two-step mechanism of action, the nucleophilic
attack, and the subsequent protonation. Loss of function mutations in the GBA gene cause Gaucher
disease, the most common lysosomal storage disorder [7,8].

NLGase (EC 3.2.1.45) is encoded by the GBA2 gene localized on chromosome 9p13.3. The catalytic
site of the protein is characterized by both nucleophile and acid/base residues, Glu-528 and Asp-678
respectively. These residues define NLGase as a retaining β-glucosidase belonging to the CAZy
glycosyl hydrolase family 116 (GH116) [9]. As previously described, the retaining β-glucosidases
utilize a double-displacement mechanism [10]. In the first step of the reaction, called glycosylation, the
nucleophile residue attacks the glucose anomeric center to create the glycosyl-enzyme intermediate,
whereas the acid/base residue protonates the glycosydic oxygen, leading to the release of a glycone [11].
In the second step, the group working as an acid in the first step acts as a base catalyst that together
with incoming water determines the de-glycosylation of the nucleophile. This mechanism allows the
retention of the configuration at the anomeric carbon of the released glucose molecule [12].

The intracellular localization of NLGase has been controversial. It was reported to be a single pass
transmembrane protein [13] and later was identified as a cytoplasmic membrane-associated protein of
the ER and Golgi complex [14]. The activity of NLGase at the PM is directly modulated by the efflux of
protons through the proton pumps associated with the cell surface [15,16].

The pathological involvement of NLGase was initially studied by generating GBA2-knockout
mice [17]. Knockout mice present impairment in liver regeneration [18], and male infertility due to
GlcCer accumulation. This accumulation causes dysregulation of lipid homeostasis due to a more
ordered lipid composition of the PM [19,20]. As a result, the cytoskeletal dynamics are altered and the
formation of sperm-head shaping and acrosome is affected [19].

Despite the abnormal GlcCer accumulation in brain, GBA2-knockout mice do not display any
neurological symptoms or defects [19]. On the contrary, GBA2-knockdown zebrafish show abnormal
motor neuron development [21], and mutations in the human GBA2 gene have been found to lead to
neurological disorders like spastic ataxia (SA) [22,23], hereditary spastic paraplegia (HSP) [21,24,25],
and more recently Marinesco-Sjogren-Like Syndrome [26]. The molecular mechanism(s) leading to
the development of disease are not currently known. Only one mutation of GBA2 has been so far
functionally characterized in vivo (i.e., zebrafish model) [21]. A more detailed biochemical analysis of
the different mutants of GBA2 in patient derived cells is still missing.

We have previously identified a GBA2 missense mutation [c.1780G>C (p.Asp594His)] in a Cypriot
family with progressive spastic ataxia [22]. In vitro characterization of this mutation in COS7 and
HeLa cells showed that it causes a reduction at both the protein and enzyme activity levels [25]. In the
present study we have undertaken the biochemical characterization of the GBA2 c.1780G>C missense
mutation in lymphoblastoid cell lines (LCLs) derived from spastic ataxia patients homozygous for the
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mutation. Our results contribute to the understanding of the biochemical consequences of mutations
in the GBA2 gene.

2. Results

2.1. The c.1780G>C Mutation Results in NLGase Loss of Activity and GlcCer Accumulation

GBA2 mRNA expression levels were measured in LCLs obtained from four healthy individuals
and from three patients homozygous for the c.1780G>C mutation. As shown in Figure 1-panel A,
the same level of GBA2 transcript was found in control and patient LCLs, suggesting that the mutation
does not affect the GBA2 mRNA expression and stability.

Figure 1. GBA2 mRNA expression and non-lysosomal glucosylceramidase (NLGase) activity. (A) The
graph represents the GBA2 mRNA levels of controls (light grey) and patients (dark grey) relative
to the average value of controls (n = 4) after normalization with the endogenous β-actin gene
(ACTB). Values represent the mean ± SEM of two independent triplicate experiments. (B) NLGase
activity associated with the total cell lysates and plasma membrane (PM) of controls (light grey) and
patients (dark grey) derived lymphoblastoid cell lines (LCLs). Enzymatic activity was expressed as
pmoles/106 cells/h. Data are expressed as mean ± SD of three independent triplicate experiments
(*** p < 0.0001 vs. controls).

Subsequently, we measured the NLGase enzymatic activity on the total cell lysate of the same LCLs.
We observed that NLGase activity was almost undetectable in patients’ cells with respect to controls
(Figure 1B), which are characterized by an average specific activity of 78 ± 19 pmoles/106 cells/h.

In several cell lines of different origin, NLGase was found to be associated with the external leaflet
of the PM where it catalyzes the in situ hydrolysis of glucosylceramide (GlcCer) to ceramide [27–29].
For this reason, we measured the enzymatic activity of NLGase directly at the cell surface of control
and patient derived lymphoblastoid living cells. In patients’ cells NLGase activity was also strongly
reduced at the cell surface, showing 2–4% of residual activity with respect to that found in controls
(Figure 1B; controls 44 ± 8 pmoles/106 cells/h, patients 2.3 ± 0.5 pmoles/106 cells/h). We can exclude
that the enzymatic activity measured at the PM was due to other β-glucocerebrosidases because,
by adding AMP-DNM, a specific inhibitor of NLGase to the assay solution abolished the enzymatic
activity at the cell surface. Our data demonstrate that the presence of the homozygous GBA2 c.1780G>C
mutation results in an important loss of NLGase activity.

Furthermore, we assessed the effect of the NLGase loss of function on the GlcCer content. To this
purpose, total lipid extracts obtained from the same LCLs used for the evaluation of the enzymatic
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activity were subjected to SFC-MS/MS analysis. This method is capable of quantifying and also
distinguishing GlcCer from galactosylceramide (GalCer).

As shown in Table 1, patient derived LCLs are characterized by a two-fold increase in the GlcCer
content with respect to controls. No differences were found among controls and cells expressing the
mutated protein in the level of GalCer. Moreover, no difference was found in cellular cholesterol
content between patients and controls, suggesting that GBA2 loss-of-function does not affect cholesterol
homeostasis. In Gaucher disease, where we have GCase loss-of-function, the accumulated GlcCer
is converted to glucosphingosine (GlcShp) by the action of the acid ceramidase [30]. We therefore
also analyzed the levels of GlcShp by SFC-MS/MS and these were found to be hardly detectable,
without any significant difference between control and patient cells.

Table 1. Hexosylceramides of lymphoblastoid cell lines (LCLs) from controls and patients.
Glucosylceramide (GlcCer) and galactosylceramide (GalCer) contents were evaluated by SFC-MS/MS
in controls (WT, n = 4) and patients (c.1780G>C, n = 3) LCLs. Data are expressed as pmoles/mg of cell
protein ± Error (n = 3).

Hexosylceramides of LCLs from Controls and Patients (Pmoles/mg Cell Proteins)

WT c.1780 G>C

Glucosylceramide 1080 ± 107 2009 ± 114
Galactosylceramide 9 ± 3 6 ± 2

Quantitative analysis of the different molecular species of GlcCer showed that C16 is the most
abundant species in both control and patient derived LCLs. In addition, it emerged that all the
molecular species are doubled in pathological cells with respect to controls (Table 2).

Table 2. SFC-MS/MS analysis of glucosylceramide (GlcCer) molecular species in control (WT, n = 4)
and patient (c.1780G>C, n = 3) derived LCLs. Data are the mean of three independent experiments and
are expressed as pmoles/mg of cell proteins ± SEM.

Glucosylceramide Molecular Species of LCLs from Controls and Patients (Pmoles/mg Cell Proteins)

C14 C16 C18 C18:1 C20 C22 C22:1 C24 C24:1 C26 C26:1

GlcCer
WT 13 ± 2 611 ± 100 24 ± 5 1 ± 0.1 28 ± 7 76 ± 14 6 ± 1 143 ± 22 150 ± 21 9 ± 1 15 ± 2

c.1780 G>C 21 ± 1 1139 ± 103 51 ± 2 1.3 ± 0.2 63 ± 7 145±7 11 ± 1 261 ± 20 278 ± 44 15 ± 2 21 ± 1

In order to show that the increase of GlcCer was the result of an impairment of its
catabolism, we labeled the cell sphingolipids at steady state using radioactive sphingosine [1-3H]Sph.
This experimental procedure is based on the recycling of the radioactive precursor [1-3H]Sph that is
used by the anabolic pathways as the endogenous counterpart. When there is an impairment of a
catabolic enzyme (i.e., NLGase), the [1-3H]Sph is not further recycled and no degraded radioactive
sphingolipid accumulates. As shown in Figure 2, despite the inter-individual variability in the content
of lactosylceramide (LacCer) and globotriaosylceramide (Gb3), no significant differences were found
between controls and patients for the other sphingolipids characteristic of LCLs. The only exception
was the GlcCer and the ganglioside GM3 content. All patient derived LCLs showed an increase of
more than two-fold of radioactive GlcCer with respect to control LCLs as well as a decrease of the
radioactive GM3. The reduction in patient LCLs of the ganglioside GM3, which is a lipid typically
associated with the external leaflet of the cell PM, with the concomitant increase in GlcCer, supports
the hypothesis that the impairment of the catabolic pathway occurs at the cell PM level.
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Figure 2. Radioactive sphingolipid pattern of control and patient LCLs. Total lipid extracts were
separated by thin layer chromatography using the solvent system Chloroform/Methanol/Water
110:40:6 (v:v:v). (A) Representative digital autoradiogram obtained by the Beta-Imager TRacer
equipment (BioSpace Lab). Same quantities of radioactivity were applied per lane. Ceramide
(Cer), glucosylceramide (GlcCer), phosphatidylethanolamine (PE), lactosylceramide (LacCer),
globotriaosylceramide (Gb3), sphingomyelin (SM), and ganglioside GM3. (B) Distribution of
the radioactive sphingolipids associated with the total lipid extract expressed as % of the total
radioactivity. Data are expressed as mean ± SD of three independent triplicate experiments
(*** p < 0.0003 vs. controls).

2.2. GCase Activity is Up-Regulated in GBA2-Deficient LCLs Particularly at the PM

Several lines of evidence suggest the existence of a cross-talk among the enzymes involved in
sphingolipid (SL) catabolism, since modification in the activity/expression of one enzyme could
affect that of others [31]. Besides NLGase, another important enzyme involved in GlcCer catabolism
is β-glucocerebrosidase (GCase) encoded by the GBA gene. Unlike NLGase, GCase is mainly a
lysosomal enzyme and only partially associated with the external leaflet of the PM [15]. To investigate
the possibility of a cross-talk between GCase and NLGase, we measured the activity of GCase
both intracellularly and at the cell surface in control and patient derived LCLs. As shown in
Figure 3–panel A, GCase activity was increased in total cell lysates derived from patients’ cells
with respect to controls. The average activity of GCase was 102 ± 14 pmoles/106 cells/h and 71
± 17 pmoles/106 cells/h in patient and control derived LCLs, respectively. A marked increase,
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about three-fold, of GCase activity was also observed at the PM level in patients compared to
control LCLs (patients: 33 ± 9 pmoles/106 cells/h; control: 11 ± 4 pmoles/106 cells/h). Interestingly,
the augmented enzymatic activity is associated with an increase in the GCase protein levels but not in
GBA mRNA expression (Figure 3B,C).

Figure 3. Activity and protein levels of β-glucocerebrosidase (GCase) and GBA mRNA expression.
(A) GCase activity associated with the total cell lysate and plasma membrane of control (light grey) and
patient (dark grey) derived LCLs. Activities were expressed as pmoles/106 cells/h. Data are expressed
as mean ± SD (n = 4, *** p < 0.0001 vs. controls). (B) Immunoblot of GCase and control GAPDH
accompanied by the semi-quantitative graph of normalized GCase/GAPDH. Data are expressed as
mean ± SD (n = 4 *** p < 0.0001 vs. controls). (C) The graph represents the GBA mRNA levels of
controls (light grey) and patients (dark grey) relative to the average value of controls (n = 4), after
normalization with the endogenous β-actin gene (ACTB). Values represent the mean ± SEM of two
independent triplicate experiments.

A substantial body of evidence shows the presence and action of mature and active lysosomal
enzymes at the PM in addition to the lysosomes [15,32]. We decided to investigate the activity of two
main hydrolases involved in SL catabolism, β-galactosidase and β-hexosaminidase, both intracellularly
and at the PM level. We observed an increase only of the β-galactosidase activity associated with the
cell surface of LCLs obtained from patients with respect to controls (Table 3).
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Table 3. Enzymatic activities associated with total cell lysate and the plasma membrane (PM) of control
(WT) and patient (c.1780 G>C) derived LCLs. Enzymatic activities were expressed as pmoles/106

cells/h ± error.

Enzymes
Cell Lysate PM

WT c.1780 G>C WT c.1780 G>C

β-Galactosidase 1284 ± 246 1399 ± 149 14 ± 4 30 ± 4
β-Hexosaminidase 1868 ± 233 1961 ± 206 24 ± 6 35 ± 15

3. Discussion

Several lines of evidence indicate that the regulation of GlcCer levels is important for cell
homeostasis. GlcCer is a minor component of almost all membranes of eukaryotic cells suggesting an
evolutionary strategy aimed to limit its presence. Indeed, de novo biosynthesized GlcCer is mainly
used as a building block for the biosynthesis of complex GSLs [33].

In mammalian cells, GSL catabolism occurs by the sequential hydrolysis of the saccharidic chain
by removing the reducing sugar. Lysosomes are involved in the catabolism of the endocytic portion of
the cell PM and could be considered the principal site, together with the endoplasmic reticulum and
Golgi complex, responsible for GSLs turnover [34]. On the other hand, the fine tuning of the GSLs
composition is triggered directly at the cell PM by the action of specific glycohydrolases. In particular,
the same enzymes that are associated with the lysosomes, such as sialidase Neu1, beta-hexosaminidase,
beta-galactosiadase, and GCase, are present at the cell surface, even if in very small amounts, along with
the sialidase Neu3 and NLGase, which are enzymes primarily residing at the PM [5]. Loss of function
mutations in the lysosomal glycohydrolases determine the onset of lysosomal storage disorders,
characterized by the accumulation of non-catabolized substrates.

NLGase is currently the most studied enzyme among the PM glycohydrolases. NLGase deficient
mice, obtained both, by gene knockout and by pharmacological inhibition of the enzyme, showed an
abnormal GlcCer accumulation in multiple tissues, including brain, liver, and testis. These data
were quite surprising considering that the large amount of the GSL catabolism occurs in lysosomes.
In addition, these mice were characterized by impaired liver regeneration and male infertility but
no neurological involvement was observed [17–19]. However, in humans GBA2 gene mutations are
found in spastic ataxia and spastic paraplegia patients (SPastic Gait locus #46, SPG46) [23–25,35].
Among them, a c.1780G>C (p.Asp594His) missense mutation located in exon 11 of the GBA2 gene was
identified in a Cypriot consanguineous spastic ataxia family [22].

We used LCLs obtained from three patients of this family, who are homozygous for the GBA2
c.1780G>C missense mutation, to evaluate the effect of the mutation on NLGase activity. By an in vitro
enzymatic assay based on the use of CBE to block GCase activity, we found that the mutation strongly
affects NLGase activity. Indeed, in pathological cells we were not able to detect any NLGase activity in
the total cell lysate, and only a very low residual activity at the cell surface when compared with LCLs
derived from four healthy controls. Similar to the results observed in mice, we found that the NLGase
loss of function in patient derived LCLs is responsible for an increase of GlcCer content that reaches
two-fold to that found in control cells. In addition, patient LCLs show an increased activity of GCase
with respect to that measured in controls. In particular, GCase activity associated with the PM of patient
derived LCLs is three-fold higher than that of control LCLs. This presumably compensatory effect has
already been described in fibroblasts derived from patients affected by Gaucher disease, where the
GCase loss of function induced an increase in NLGase activity [31]. Indeed, by the evaluation of the
total cell β-glucocerebrosidase activity we did not find statistically significant differences between
control and patient derived LCLs (Figure S1).

Taken together, the data, herein reported, further support an important role of NLGase in GlcCer
metabolism and the existence of a cross-talk among the enzymes involved in GSL catabolism. Despite this
new evidence, the challenges for future studies remain: (i) to explain why NLGase loss of function with
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concomitant increase of GCase could result in GlcCer accumulation and (ii) which are the molecular
mechanisms linking the NLGase-dependent GlcCer accumulation with the onset of spastic ataxia.

4. Materials and Methods

4.1. Cell Culture

Seven LCLs (3 patients and 4 controls) were available, which were expanded and sub-cultured
for the purposes of this study. Cells were grown in culture medium RPMI (Roswell Park Memorial
Institute medium) supplemented with 10% FBS (fetal bovine serum), 1% penicillin/streptomycin and
1% glutamine, and expanded for a period of 6 weeks at 37 ◦C in a 5% CO2 incubator. Genotypes of
all patient derived LCLs sub-cultures were reconfirmed with Sanger sequencing and healthy controls
were confirmed as homozygous wild-type.

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and approved by the
National Bioethics Committee of Cyprus (EEBK/EΠ/2013/28, date of approval 14 May 2015).

4.2. Evaluation of Enzymatic Activities in Cell Lysates

The enzymatic activities associated with total cell lysates were determined by an assay based
on the use of fluorogenic substrates as previously described [36]. To evaluate NLGase activity, cell
lysates were pre-incubated for 30 min at room temperature in McIlvaine buffer (pH 6) with 1 mM
CBE (Conduritol-B-epoxide, Merck, Darmstadt, Germany), a specific inhibitor of GCase [37]. For the
measurement of GCase activity, cell lysates were pre-incubated for 30 min at room temperature
in McIlvaine buffer (pH 5.2) containing 0.1% Triton X100(Merck, Darmstadt, Germany) with 5 nM
AMP-dNM (adamantane-pentyl-dNM; N-(5-adamantane-1-yl-methoxy-pentyl) deoxynojirimycin,
(A generous gift from Prof. Aerts JM form Leiden University) a specific inhibitor of NLGase.
The total β-glucocerebrosidase assay was performed using the same procedure without inhibitors
and detergents. At the end of the pre-incubation, the reactions were started by the addition of
25 μL of 4-Methylumbelliferyl β-D-glucopyranoside (MUB-β-Glc, Glycosynth, Warrington, UK)
at a final concentration of 6 mM. To measure β-galactosidase and β-hexosaminidase activities,
the fluorogenic substrates used were 4-Methylumbelliferyl β-D-galactopyranoside (MUB-β-Gal)
and 4-Methylumbelliferyl N-acetyl-β-D-glucuronide (MUG) (all from Glycosynth, Warrington, UK),
respectively. Aliquots of cell lysates were incubated with 25 μL of McIlvaine buffer 4× (0.4 M citric
acid /0.8 M Na2HPO4) pH 5.2 and the specific fluorogenic substrates at a final concentration of 500 μM.
Water was added to reach the final volumes of 100 μL. At different time points the reaction was stopped
by adding 9 volumes of 0.25 M glycine pH 10.7 (Sigma-Aldrich, St. Louis, MO, USA). The fluorescence
was detected by a Victor microplate reader (Perkin Elmer, Waltham, MA, USA). Standards of free
4-methylumbelliferone (MUB) were used to construct calibration curves. The enzymatic activities were
expressed as pmoles of product/106 cells /h.

4.3. Evaluation of Enzymatic Activities at the Cell Surface of Living Cells

PM-associated activities of total β-glucocerebrosidase, GCase, NLGase, β-galactosidase and
β-hexosaminidase were assessed in living cells, plated in a 96-well microplate at a density of
200,000 cells/well, by a high throughput live cell-based assay as previously described [15,27,31,36].
To distinguish between GCase and NLGase activities, cells were pre-incubated for 30 min at room
temperature in DMEM-F12 without phenol red (Thermo Fisher Scientific, Waltham, MA, USA)
containing 5 nM AMP-DNM or 1 mM CBE, respectively [38]. Total β-glucocerebrosidase assay
was performed using the same procedure without any inhibitors. Activities were assayed using the
artificial substrate MUB-β-Gal for β-galactosidase, MUG for β-hexosaminidase, and MUB-β-Glc for
β-glucocerebrosidases GCase and NLGase. The fluorogenic substrates were solubilized in DMEM-F12
without phenol red at pH 6, with final concentrations of 250 μM, 1 mM, and 6 mM, respectively.
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Aliquots of medium (10 μL) were analyzed at different time points by a Victor microplate reader (Perkin
Elmer, Waltham, MA, USA), after adding 190 μL of 0.25 M glycine, with a pH of 10.7. Standards of free
MUB were used to construct calibration curves. The enzymatic activities were expressed as pmoles of
product/106 cells/h. The experimental design included internal controls. In particular, this method
is based on the observation that the fluorogenic substrates commonly used for the in vitro assay of
glycohydrolytic activities are not taken up by living cells. To assess that the substrate hydrolysis occurs
only upon the activity of PM enzymes, a series of controls was performed. In the used experimental
conditions, we did not observe any intracellular fluorescence, evaluated by both fluorescent microscopy
and fluorimetric analysis of the cells lysed in 0.25 M glycine (pH 10.7), indicating that the substrates
were not able to cross the cell membrane. Moreover, we verified that the artificial substrates did
not undergo either spontaneous or secreted enzyme-driven hydrolysis by the establishment of an
appropriate control without cells or by the solubilization of MUB-substrates directly in cell culture
medium in the presence or not of cells.

4.4. Real-Time PCR

Total RNA was isolated from the LCLs using the RNeasy® Midi kit (Qiagen, Hilden, Germany)
as described in the manufacturer’s instructions. cDNA synthesis was performed using 1μg of total
RNA according to the instructions of the Protoscript® M-MuLV II First Strand cDNA Synthesis Kit
(New England Biolabs, Ipswich, Massachusetts, USA). Real-time PCR was carried out using the
CFX96 Real-Time system (Bio-Rad, Hercules, CA, USA) and the amplification was done using the
SsoFast EvaGreen Supermix according to the manufacturer’s instructions (Bio-Rad, Hercules, CA,
USA). The sequences of the primers are available upon request. GBA1 and GBA2 mRNA expression
levels were normalized to the actin house-keeping gene (ACTB) and relative mRNA expression was
calculated according to the ΔΔCT method.

4.5. Immunoblotting

Equivalent amounts of proteins associated with total cell lysates, determined by DC Protein Assay
(Bio-Rad, Hercules, CA, USA), were separated on polyacrylamide gels and then transferred to PVDF
(Polyvinylidene fluoride) membranes by electroblotting [29]. Blots were incubated with monoclonal
rabbit anti-GCase (ab128879, Abcam, Cambridge, UK) or polyclonal rabbit anti-GAPDH (G9545,
Sigma-Aldrich) primary antibodies at 4 ◦C overnight, followed by incubation with goat anti-rabbit
HRP-conjugated (7074, Cell Signaling) secondary antibody and detection with a chemiluminescent kit
(WESTAR ηC, Cyanagen, Bologna, Italy). Digital images were obtained by the chemiluminescence
system Alliance Mini HD9 (UVItec, Cambridge, UK).

4.6. Cell Sphingolipid Labelling with [1-3H]-Sphingosine

[1-3H]-sphingosine was administered as tracer in non-bioactive concentration for 2 h (pulse)
followed to 96 h (chase), to allow steady state metabolic labelling of all cell SLs [39]. Briefly,
[1-3H]-sphingosine dissolved in methanol was transferred into a sterile glass tube, dried under a
nitrogen stream and then solubilized in an appropriate volume of pre-warmed (37 ◦C) cell culture
medium to obtain a final concentration of 30 nM. The correct solubilization was verified by measuring
the radioactivity associated with an aliquot of the medium using a β-counter (PerkinElmer, Waltham,
MA, USA). After 2 h of incubation (pulse) the medium was removed, and the cells were incubated for
96 h (chase) in fresh culture medium without radioactive sphingosine. After chase, cells were collected,
lyophilized and subjected to lipid extraction and SLs analysis. Total lipids from lyophilized cells
were extracted with chloroform:methanol:water 20:10:1 by volume, followed by a second extraction
with chloroform:methanol: 2:1 by volume. The radioactivity associated with total lipid extract,
was evaluated by liquid scintillation, using a β-counter system (PerkinElmer).

[3H]SLs of total extracts were separated by high performance thin layer chromatography (HPTLC),
using the solvent system chloroform:methanol:water 110:40:6 by volume. [3H]SLs were identified by
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digital autoradiography using TRacer system (Biospace Lab) and quantified with M3vision software.
The lipid identification was performed using purified radioactive standards.

4.7. Lipid Analysis by SFC-MS/MS

Quantitative analysis of glucosylceramide, galactosylceramide, glucosylsphingosine and
galactosylsphingosine was performed by Lipidomics Shared Resources Analytical Unit (Medical
University of South Carolina, Charleston, SC, USA) [40]. Briefly, quantitative analysis of sphingolipids
is based on eight-point calibration curves generated for each target analyte. The synthetic standards,
along with a set of internal standards, were spiked into an artificial matrix and subjected to an identical
extraction procedure as the biological samples. These extracted standards were then analyzed by the
SFC-MS/MS system operating in positive MRM mode employing a gradient elution. Peaks for the
target analytes and internal standards were recorded and processed using the instrument’s software
system. The calibration curve for a particular analyte was generated by plotting the analyte/internal
standard peak area ratio against analyte concentrations. Any sphingolipid for which no standards
were available was quantitated using the calibration curve of its closest counterpart. Separation of
galactosylceramide and glucosylceramide was performed by SFC-MS/MS. The equipment consisted
of a Waters UPC2 system coupled to a Thermo Scientific Quantum Access Max triple quadrupole mass
spectrometer, equipped with an ESI (electrospray ionization) probe operating in the multiple reaction
monitoring positive ion mode tuned and optimized for the Waters UPC2 system. Chromatographic
separations were obtained utilizing carbon dioxide gas and 1 mM ammonium formate in 0.2% formic
acid in the methanol mobile phase.

Analytical results were expressed as pmoles of lipid/mg of total cellular proteins. Data were the
mean of two independent triplicate experiments.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
3099/s1.
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Abstract: Lipid disorders have been associated with glomerulopathies, a distinct type of renal pathologies,
such as nephrotic syndrome. Global analyses targeting kidney lipids in this pathophysiologic context have
been extensively performed, but most often regardless of the architectural and functional complexity of
the kidney. The new developments in mass spectrometry imaging technologies have opened a promising
field in localized lipidomic studies focused on this organ. In this article, we revisit the main works having
employed the Matrix Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) technology,
and the few reports on the use of TOF-Secondary Ion Mass Spectrometry (TOF-SIMS). We also present a
first analysis of mouse kidney cortex sections by cluster TOF-SIMS. The latter represents a good option
for high resolution lipid imaging when frozen unfixed histological samples are available. The advantages
and drawbacks of this developing field are discussed.

Keywords: MALDI-TOF; TOF-SIMS; glomerulopathies; nephrotic syndrome; MSI

1. Introduction: The Kidney Glomerulus as a Witness and Target of Lipid Disorders

The renal glomerulus is a highly specialized anatomic structure containing the filtration barrier
that separates the blood and urine compartments. This barrier comprises a fenestrated endothelium,
a basement membrane, and a layer of podocytes, highly differentiated postmitotic epithelial cells.
Alterations in this barrier lead to proteinuria, which is one of the hallmarks of nephrotic syndrome
(NS), along with hypoalbuminemia, hyperlipidemia, lipiduria, and edema. NS characterizes a group
of diseases of either genetic or non-genetic—most likely immune—origin. The latter are known as
idiopathic nephrotic syndrome (INS), which comprehends two main histologically-defined forms,
namely minimal change nephrotic syndrome (MCNS) and focal and segmental glomerulosclerosis
(FSGS). Other glomerulopathies include the immune-mediated membranous nephropathy (MN), IgA
nephropathy, C3 glomerulopathies, lupus nephritis, anti-neutrophil circulating antibody-associated
vasculitis, and different forms of glomerulonephritis. In addition, a number of diseases, such as
diabetes, obesity and cancer, the exposure to infectious agents and toxic molecules, are associated with
glomerular dysfunction and secondary NS.

NS has been associated with a defect in lipoprotein metabolism and major changes in lipoprotein
profiling and content (reviewed in [1]). These alterations are attributed to impaired chylomicron
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and very low-density lipoprotein (VLDL) clearance [2–4], which is associated, at least in part, with
decreased abundance of lipoprotein lipase, hepatic lipase, and glycosylphosphatidylinositol-anchored
binding protein 1 (GPI-BP1) in several tissues of animal models of NS. Other alterations contributing
to NS dyslipidemia are the high serum levels of angiopoietin-like protein 4 in NS patients. The latter
has been suggested to play a direct role in the onset of proteinuria [5]. Other alterations include higher
levels of cholesterol and LDL-cholesterol, due to increased synthesis and decreased catabolism of
cholesterol in the liver [6], and lower levels of HDL-cholesterol to cholesterol ratio in NS patients [7].
Moreover, mutations in the APOL1 gene, encoding apolipoprotein L1, a key component of high-density
lipoproteins (HDL), have been linked to FSGS susceptibility [8,9]. All these alterations lead to higher
risk of cardiovascular disease, and to local functional defects in the kidney, such as nephron loss and
lipotoxicity in proximal tubular cells. These observations parallel the report of accumulated cholesterol
in glomeruli from FSGS patients [10] and in the renal cortex of diabetic nephropathy models [11].
Globally this suggests the presence of profound alterations in the renal and the glomerular lipidome in
these pathologic conditions.

Nevertheless, the glomerulus and the podocyte have been scarcely the target of global lipid
analyses [12,13]. In an elegant study, Jin and collaborators used a targeted lipidomic approach to
unveil the lipid interactors of soluble vascular endothelial growth factor (VEGF) receptor Flt1 at the
podocyte surface [13]. They identified the glycosphingolipid ganglioside M3 species as key interactors,
and this binding necessary to the functional integrity of podocyte and glomerular filtration barrier.
More recently, in a very different setup, lipidomic analysis of urine from pediatric FSGS patients led
to the conclusion that these individual display higher free fatty acids and lysophosphatidylcholine
(LPC) levels and lower phosphatidylcholine (PC) with respect to controls, suggesting an increased
phospholipase A2 activity associated with the FSGS glomerulus [12].

Several pathologies characterized by lipid disorders associated with glomerular alterations have been
described in the literature, such as Thay-Sachs, Gaucher, Niemann-Pick, Sandhoff, Fabry, Myopathy 2,
HIV-associated nephropathy, and diabetic nephropathy, among others. These disorders are very often
characterized by accumulation of different sphingolipid (SP) species (reviewed in [14]). For example,
in Fabry disease, the glycosphingolipids globotriaosylceramide (Gb3) and digalactosylceramide (Ga2)
significantly accumulate in several tissues, including the kidney, which has been associated with podocyte
dysfunction and proteinuria [15]. Sphingomyelin levels, along with those of cholesterol, are increased
in the kidney of Niemann-Pick disease, a genetic disorder due to mutations in NPC1/NPC2 (encoding
intracellular cholesterol transporters) and SMPD1 (encoding an acid sphingomyelinase) genes, the latter
associated with proteinuria [16]. Likewise, in genetic forms of nephrotic syndrome due to mutations in the
gene NPHS1 (encoding nephrin, a protein located at the podocyte slit diaphragm, a raft-like membranous
structure), there is distal tubular and parietal glomerular accumulation of disyaloganglioside GD3 [17].
Moreover, post-transplant recurrence of FSGS has been found linked to decreased expression of the acid
sphingomyelinase-like phosphodiesterase 3b (SMPDL3b) in podocytes, leading to increased sphingomyelin
and decreased ceramide [18]. Strikingly, in many of these pathologies the glycosphingolipid metabolic
pathway is altered.

2. Lipid Imaging of the Kidney: MALDI-MSI

Analysis of kidney lipids by mass spectrometry imaging (MSI) is a relatively recent
approach that has made a still discreet yet significant contribution by accompanying histological
evaluation, global multiomic (including lipidomics) studies, and further proteomic analyses by
MSI. MSI lipidomics has extensively been performed on rodent material by matrix-assisted laser
desorption/ionization (MALDI), the mainstream method for MSI, which is characterized by the
addition of an organic chemical matrix on biological specimens. This technology has been used
on normal tissue [19–23] and in different pathophysiologic contexts, such as acute renal injury [24],
diabetes/obesity [25], renal acidosis [26] polycystic kidney [27], drug-induced nephrotoxicity [28,29],
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bisphenol toxicity [30], polymyxin toxicity [31], Fabry disease [32,33], and in glomerulopathies, such
as diabetic nephropathy [34] and IgA nephropathy [35].

Some of these studies have provided valuable information about the spatial localization of
lipids in kidney anatomical structures. One example is the thorough study that was performed to
determine the distribution of sulfated glycosphingolipids (sulfatides) by MALDI-MSI in combination
with source-decay LC-MS/MS in a mouse model of renal acidosis. The latter consisted of invalidation
of ceramide synthase, one of the key enzymes in the glycosphingolipid biosynthetic pathway.
The technical approach was able to discern the sulfatides characteristic of cortex, medulla, and papillae,
according to their sphingoid bases, C18-phytosphingosine, C18-sphingosine, and C20-sphingosine,
respectively. In particular, ceramide synthase deficiency was correlated with a depletion in
C18-phytosphingosine in the cortex region [26].

In other cases, although not strictly in the context of lipidomics, MSI has been employed to trace
an administered drug and its metabolites [28]. The reported study was performed on frozen and
paraffin sections of rabbit kidney, and the targeted small molecule, an inhibitor of c-Met tyrosine
kinase. This study was interesting in that samples were formaldehyde-fixed, and two technologies,
namely MALDI-MSI and DESI-MSI, were used. The authors examined cortex sections and identified
unambiguously crystal deposits containing the molecule and some of its metabolites in tubular areas.
This underlines the potential of MSI in this type of studies and also the feasibility of analyzing
previously-fixed paraffin material, even considering the ion suppression effects of paraffin and of
formaldehyde cross-linking.

2.1. MSI Analysis of Human Tissue: Lessons from Renal Cell Carcinoma

Much effort has been made in applying the spatial information provided by MSI techniques to the
study of human specimens in the context of kidney cancer, the rationale being the search for differences
in lipid composition between normal and tumor tissue, which could be used eventually as diagnostic or
prognostic markers. Recently, a MALDI variant consisting of gold nanoparticle-enhanced target-based
surface-assisted desorption/ionization (SALDI) has been performed to analyze biopsies of renal cell
carcinoma [36]. The study resulted in the identification of two markers of tumor tissue, a sodium adduct
of diglyceride DG 38:1 and protonated octadecylamide. Moreover, MALDI-MSI was used in parallel to
validate the results obtained by HILIC/ESI-MS when comparing patient tumor material with adjacent
normal tissue. By targeting polar lipids, such as gangliosides and sulfoglycosphingolipids, and acidic
phospholipids [37], MSI results confirmed the findings by HILIC/ESI-MS, consisting of increased
phosphatidylinositols, PI 40:5 and PI 40:4, and gangliosides, GM3 34:1, and GM3 42:2, in carcinoma.
In another study comparing normal and tumor tissue, MALDI was coupled to an Orbitrap analyzer.
The MALDI–Orbitrap method was initially focused on sulfoglycosphingolipids and allowed the
identification of more than 120 molecules. The use of multivariate analyses led to the description of a
discriminant signature and this correlated with the result of the parallel MSI analysis. The latter showed
two distinct markers, namely phosphatidylethanolamine (PE) 36:4 and sulfodihexosyl-ceramide 42:1,
decreased and increased in carcinoma tissue, respectively [38]. Another study compared both types
of tissues using two parallel approaches, namely touch-spray ionization and DESI-MSI (desorption
electrospray ionization-MSI). Multivariate analysis enlightened a signature of discriminant lipid
molecules encompassing ion forms of phosphatidylserine (PS 36:1, PS 38:4) and phosphatidylinositol
(PI 38:4) from MSI results, while touch-spray led to discriminant phosphatidylcholine (PC)-derived
ions [39].

In these examples, MSI often confirmed the results obtained by a LC-MS setup, but in some
cases unveiled new differences between both types of tissues, demonstrating the complementarity of
both strategies.
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2.2. Glomerular Disease: The Spatial Limits

A few of those MSI studies targeting the kidney have attempted to address the lipid composition of
glomeruli, but the low resolution (i.e., most often in the 30–70 μm range), which roughly corresponds
to the mouse glomerular diameter, limits the observations to the renal cortex, as it is unable to
discriminate between glomerular and tubular structures. Nevertheless, some remarkable findings
have been reported to date.

One of these reports corresponds to a study on IgA nephropathy, the most prevalent glomerular
disease, characterized by deposition of immunoglobulin A on the glomerular mesangium. In a
spontaneous mouse model of the disease, the authors used a MALDI source coupled to two tandem
analyzers, a quadrupole ion trap, and a time-of-flight [35]. The analysis was able to distinguish the
renal cortex and the hilum, marked respectively by phosphatidylcholines (PC 38:6 and PC 40:6) and
triglycerides (TAG 52:3 and TAG 54:4). A signature characteristic of the diseased mice was composed of
PC O-38:6 and PC O-40:7 (ether forms of PC), an analog of platelet activating factor, and a plasmalogen,
respectively. In all cases, the presence of 22:6 (docosahexaenoate, DHA) moieties was surprising,
since this fatty acid is not known as particularly abundant in kidney tissue. In addition, some ions
were detected as characteristic of the IgA model, m/z 854.6, 856.6, 880.6, and 882.6, but could not
be identified. This was a pioneering study in several ways. On the one side, it is the first reported
MSI study focused on a glomerular disease. On the other side, the finding of a relevant molecule
containing a 22:6 moiety in the kidney, pointing at a particular function for this fatty acid in this organ
that is still remaining to be characterized. This is not an irrelevant issue, as in a chronic kidney disease
cohort study, low plasma levels of polyunsaturated fatty acids were found associated with increased
renal insufficiency [40]. Moreover, oral administration of n-3 fatty acids (DHA and eicosapentaenoate,
EPA) was shown to reduce proteinuria in FSGS patients [41], while the DHA metabolite Resolvin
D1 protected podocytes in an adriamycin-induced mouse model of glomerular disease [42].

The latter (adriamycin/doxorubicin injection in rodents) represents one of the few available in vivo
models of nephrotic syndrome, as one single injection leads to the development of delayed proteinuria.
Hara and collaborators [43] combined doxorubicin injection with hypercholesterolemia, in a mouse
invalidated for LDL-receptor. Mice exhibited glomerular injuries resembling FSGS, with podocyte
alterations and foam cell infiltration in glomeruli. In this model, the authors found by MALDI-MSI at an
80 μm resolution, two ions at m/z 518.3 and 543.3, identified as Na+ adducts of lysophosphatidylcholines
LPC 16:0 and LPC 18:0, some of the main components of oxidized LDL, that were abnormally increased in
glomerular regions and colocalizing with oxidized phospholipids. These molecules, when administered
in vitro to cultured cells induced the expression of adhesion molecules and cytokines, as well as adhesion
and migration of macrophages. MSI in this study contributed to unveiling an interesting lipid peroxidation
mechanism associated with this mouse model.

Lysophospholipids were also found increased in a mouse model of diabetic nephropathy, along
with PE, gangliosides, and sulfoglycosphingolipids (sulfatides) [34]. Glomerular and tubular lesions
accompany proteinuria and happen in a high proportion (about one third) of diabetic individuals.
The lipid changes reported in this study were, like in the FSGS model cited above, attributed, at least
in part, to increased oxidation. This was proven by the use of pyridoxamine, an inhibitor of oxidative
processes, as a control condition. The changes were presented as happening in glomeruli and/or
tubuli, in spite of a relatively high resolution (between 10 and 40 μm). Interestingly, ganglioside
GM3 forms, m/z 1151.7 (NeuAc-GM3) and m/z 1167.7 (NeuGc-GM3), showed a pointed pattern
in the kidney, specifically colocalized with glomeruli (identified by PAS staining). NeuGc-GM3,
the oxidized form, was found increased in diabetic kidneys. The same pattern was found for
sulfoglycolipid SB1a t18:0/22:0, m/z 1407.8, as compared with its non-oxidized form, as well as
glucose-modified PE (Amadori-PE, a plasma marker of diabetes). In all cases the increase was
corrected with the pyridoxamine treatment. Modified PE; however, was not specific of glomerular
regions. These outstanding results indicate that GM3 and sulfated sphingolipids are particularly
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abundant in glomeruli, most likely in podocytes, and point at this particular lipid class as a target of
glomerular alterations in pathologic conditions.

Modifications in the lipid content of glomeruli in diabetes has been the result of another study,
devoted to a MALDI-MSI metabolomic profiling of diabetic mice exposed to high-fat diet. In this
case the initial search for nucleotide distribution in tissues ended up in a lipid finding. Thus, along
with the finding of an altered ATP/AMP ratio, untargeted analysis revealed an accumulation of
sphingomyelin SM d34:1 in the glomeruli of those mice as compared to controls [25]. It was argued
that the sphingomyelin accumulation could be responsible for the increased ATP production, due to
activation of the glycolytic pathway. In this study, the results in glomeruli were obtained with a
relatively high-resolution setting (30 μm). Glomeruli were identified using a phosphatidic acid species
(PA 36:1) as a glomerular signature. This represents an interesting strategy to be used in the selection
of regions of interest in those MSI studies addressing glomerular lipid composition.

Another condition that leads to glomerular dysfunction is renal toxicity due to bisphenol exposure.
Experimentally, bisphenol targets glomeruli inducing necrosis, in addition to other lesions, such as
cloudy swelling of medulla and interstitial collapsing of renal pelvis, in mice exposed to different
concentrations of the compound [30]. The modifications in the cortex were associated with differential
distribution of seven lipids, including accumulation of SM d22:0/20:4, TAG 16:0/14:0/16:0, PS
18:0/22:6, and PG 16:0/16:0 and a decrease in DAG (18:0/22:6), PE (20:1/20:4), and PI (16:1/18:1) when
compared with control mice. The results suggest that the renal cortex is the most sensitive area to the
toxic, and a 2D and 3D model construction coupled with a multivariate analysis pointed to a signature
specific of bisphenol exposure, based on increased SM d22:0/20:4 and Cer d18:2/24:1, which could
eventually be considered as a marker of toxicity.

Finally, a matrix-free variant of MALDI, such as NALDI-MSI has been used to target renal lipids
in normal mouse kidney [44], showing increased presence of a K+ adduct of PC 32:0 in the renal cortex
as compared to the medulla [45]. NALDI technology, in this case consisting of a Fourier transform
ion cyclotron resonance mass spectrometer, was applied in parallel to study the brain and kidney,
and compared with MALDI. The authors claimed NALDI to improve mass accuracy and detection
efficiency. It could represent an alternative to conventional MALDI-MSI in kidney-based studies.

3. The TOF-SIMS Alternative

Imaging by cluster time-of-flight secondary ion mass spectrometry (TOF-SIMS) represents a powerful
tool for localized lipidomics. SIMS was first developed in the 1960s and 1970s for surface analysis [46,47].
This technology consists of the bombardment of the sample by a beam of polyatomic ions, which induces
desorption/ionization of secondary ions from the sample surface. Polyatomic ion focused beams have been
used successfully in the analysis of organic surfaces [48–53]. The current development of the technology
allows a high lateral resolution of some hundreds of nanometers, which makes the technology particularly
well fitted for the analysis of tissue sections [48,52–62]. In addition, no matrix is required for ion generation,
which avoids all the drawbacks associated with matrix deposition on tissue.

The analysis of kidney tissue by TOF-SIMS was first performed in rats by gold particle bombardment
on silver-coated sections [63–65]. In their first report, the authors found a two-fold improvement in
sensitivity by silver-coating and attained a 200 nm lateral resolution. They reported a clear patchy
distribution of silver-cationized cholesterol ions (m/z 493.4 and m/z 495.4). These cholesterol-rich areas
were identified as nuclear regions of distal tubular epithelial cells [64]. In another report they attributed
high cholesterol levels to glomerular areas [63]. In their third work, Na+ ions were found increased in
glomerular areas, while phosphocholine (m/z 184) was uniformly localized, along with K+ ions.

The only report so far of TOF-SIMS analysis of human kidney biopsies was performed by our
group in the context of Fabry disease [66], an X-linked disorder characterized by accumulation
of Gb3 and Ga2 in the renal cortex due to a deficiency in α-galactosidase A. Our approach was
able to detect both sphingolipid molecules characteristic of this pathology in human material [67].
More recently, a MALDI-MSI approach has detected the same defect in the kidney of α-galactosidase
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A knockout mice [33]. Apart from these pioneering studies, no systematic analysis of glomerular lipids
has been addressed by TOF-SIMS imaging.

4. Cluster-TOF-SIMS Analysis of Mouse Kidney Cortex

Here we report the use of cluster-TOF-SIMS to analyze the kidney cortex of normal mice.
Three-month old C57B6 mice were sacrificed, kidneys were harvested, embedded in optimal cutting
temperature (OCT), and immersed in frozen in liquid nitrogen at −195 ◦C. Samples were stored
at −80 ◦C. Before analysis, 14 μm-thick tissue sections were obtained at −20 ◦C using a cryostat
(CM3050–S Cryostat LEICA Microsystems, SAS, Nanterre, France), then deposited onto a conductive
indium thin oxide (ITO) slide and dried for 15 min under a pressure of a few hectopascals.

We used a TOF-SIMS IV mass spectrometer (ION-TOF GmbH, Münster, Germany) with bismuth
ion source and a reflectron time of flight analyzer. Bi3+ cluster primary ions hit the surface of the tissue
section with a kinetic energy of 25 keV and an incidence angle of 45◦. The focusing mode which is
used are the so-called “high current bunched” mode. Secondary ions are extracted with an energy of
2 keV and are post-accelerated to 10 keV just before hitting the detector. A low-energy electron flood
gun is used to neutralize the surface during the experiments. For each sample, two areas of 500 × 500
μm with 256 × 256 pixels were analyzed with a primary ion dose of 2 × 1012 ions/cm2. The stability
of the ion emission of different components is controlled along the analysis, most of ions kept the same
intensity during the analysis, so that the analysis can be considered as being done below the so-called
static limit. An internal mass calibration has been made with H+, H2

+, H3
+, CH3

+, and C29H50O2
+

([Vitamin E]+ •) ions in the positive ion mode and with H−, C−, CH−, C2
−, C2H−, C3

−, C3H−, C4
−,

C4H−, and C29H49O2
− ([Vitamin E-H]−) ions in the negative ion mode. On each ion image, “MC”

represents the maximal number of counts in a pixel and “TC” the total number of counts. The color
scales correspond to the interval [0, MC].

The global spectra of glomerular and non-glomerular areas were compared. A total of 136 distinct
ions (67 in the positive ion mode and 69 in the negative ion mode) were detected and attributed with one
or more potential identities by comparison with the m/z values of bona fide standards and/or compared
with standards in the ION-TOF database (https://www.iontof.com). Some of these standards have
been analyzed in our laboratory and the spectra published [51,57,60,68]. Examples of standard spectra
are shown in Figure S1. The m/z and attributed identities are presented in Supplementary Tables
S1 and S2. Among these ions, 128 were identified as lipids, lipid adducts or lipid fragments, belonging
to six different lipid categories (according to Lipid MAPS classification). All of them were detected
both in glomerular and non-glomerular areas.

Figure 1 shows the relative intensity maps of five ions or ion combinations corresponding to
the sum of cholesterol peaks, of SM 34:1 peaks, α-tocopherol (vitamin E) peaks, sulfatides ST 40:1,
ST 40:2, ST 42:2, and PC 32:0, PC 34:2, PC 36:0. Relative intensity is represented by a color scale,
in which yellow corresponds to higher and blue to lower abundances. Glomerular areas were
surrounded by a white dashed line. We observed a consistent increased intensity of both cholesterol
ions and SM 34:1 in glomerular areas. In the lower panels, one artificial color (red or green) was
attributed to each compound, which allowed visualizing the co-localization of either cholesterol and
α-tocopherol or cholesterol and SM 34:1. As it can be observed, cholesterol co-localized with SM
34:1 and counter-localized with α-tocopherol (yellowish signal) in all cortical tissue, but intensity
was higher in glomerular areas. Sulfatides presented a distinct patchy distribution in non-glomerular
regions, while PC ions were distributed more or less homogeneously throughout the renal cortex,
but showing a slightly higher abundance (red color) in non-glomerular areas. Figure 2 shows the
distribution of cholesterol (in positive and negative mode) in glomerular and non-glomerular regions.
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Figure 1. Representative section of a mouse kidney cortex, showing the spatial distribution of several
ions (sum of cholesterol peaks, sum of α-tocopherol peaks, sum of phosphatidylcholine (PC) peaks,
sum of sulfatides (ST 40:1, ST 40:2, ST 40:3), sum of sphingomyelin (SM) 34:1 peaks, and the total ion
current) at a spatial resolution of 2 μm per pixel. The scale on the right (gray levels or colors) indicates
the relative abundance. Yellow or white denote higher abundances, while blue or black denote lower
abundances. The two lower panels have been constructed by attributing one color (red or green) to
each compound. Glomerular regions of interest are selected and depicted by the dashed white line.
Bar length: 100 μm. The name of the compound, the maximal number of counts in a pixel (MC), and the
total number of counts (TC) are written below each image.
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Figure 2. Representative spectra of a mouse kidney cortex, showing the relative intensities of peaks
corresponding to cholesterol ions (in positive-top- and negative-bottom-mode) in glomerular and
non-glomerular regions. The spectra are normalized to the total primary ion dose.

In agreement with our result, a MALDI-MSI-based analysis of rat kidney combined with
histological data has reported cholesterol and squalene as specific glomerular metabolites [19].
Cholesterol is; therefore, enriched in glomeruli, but not exclusively. Additionally, we found an
enrichment in SM d34:1 in glomerular regions, which could correspond to the same molecule that
has been found increased in the glomeruli of a mouse model of diabetic nephropathy in comparison
with control animals [25]. Ideally, an exclusive ion could be used for ROI selection in only-glomerular
studies. The studies by other groups have proposed interesting glomerular markers, such as PA
(36:1). Unfortunately, our TOF-SIMS setup was unable to detect this ion. Glomeruli are, nevertheless,
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an anatomical structure relatively easy to identify in adjacent sections by conventional staining,
and even on ion images. Lipid ions found in glomerular areas can reflect the lipid composition
of podocytes, parietal epithelial cells, or glomerular endothelial cells. Our setup can be used to
establish modifications in the lipid composition of glomeruli in mouse models of glomerular diseases
or in biopsies from patients. Potential changes found in these areas would be complementary to
those found in global lipidomic analyses on isolated glomeruli, or on primary podocytes. The setup
presented above provides the combination of a good spatial resolution, the unbiased identification of a
large number of molecules, and the potential for glomerular ROI selection and subsequent relative
quantitation. This setup will be used to explore variations in the localization and intensity of these
ions in models of glomerular dysfunction.

5. Concluding Remarks: Possible Evolution of Kidney MSI. Application to Glomerulopathies

The advantages of MSI are, mainly, the possibility of a multiplexed analysis of several ions in a
single acquisition, and the information about their spatial localization. The drawbacks, the insufficient
resolution as compared to immunofluorescence and electron microscopy, and the limited availability
of technical platforms, especially TOF-SIMS. Nonetheless kidney MSI has been proven to support and
complement other untargeted lipidomic studies.

INS, and in particular MCNS and FSGS, unlike other glomerulopathies, require renal biopsy to
establish the right diagnosis. Therefore, these forms are defined histologically, meaning that little
information is provided by regular optical microscopy evaluation of tissue sections. MSI could be
helpful both in diagnosis, and as an unbiased way of finding molecular mechanisms that could
clarify their uncertain pathogenesis. To date, two main technical approaches for MSI of lipids have
been used in the context of renal disease. MALDI-TOF and TOF-SIMS cannot be considered as
competing approaches, since they can provide complementary information at different levels (Table 1).
Firstly, the type of compounds covered by TOF-SIMS are under m/z 1500, including small molecules,
lipids, metabolites, and elements, while the MALSDI-TOF range is over m/z 200, which includes many
lipids along with peptides. TOF-SIMS presents some advantages, like a higher spatial resolution,
higher sensitivity for low molecular weight compounds, no need for homogeneous matrix coating,
and the potential for 3D mapping. However, it also presents some drawbacks, mainly associated
with large fragmentation, often making identification of original molecules problematic. MALDI-TOF
is; therefore, more suitable for unambiguous compound identification. In both cases the analysis is
relatively long and complex, and always semiquantitative.

Table 1. Comparison of the features provided by Time of Flight Secondary Ion Mass Spectrometry
(TOF-SIMS) and Matrix Assisted Laser Desorption Ionization - TOF (MALDI-TOF) in the context of
mass spectrometry imaging (MSI).

TOF-SIMS MALDI-TOF

Analysis Elemental and molecular analysis High molecular weight covering a large range of
molecules

Compounds Lipids, glycosphingolipids, cyclopeptides, drugs,
metabolites, minerals Proteins, peptides, lipids, drugs, metabolites

Mass range m/z ≤ 1500 m/z > 200
Sample Dehydrated, no fixation, no matrix Dehydrated, homogeneous matrix coating

Imaging Elemental and chemical imaging and mapping in 2D
and 3D Possibility to characterize and visualize in 2D

Spatial resolution Down to 100–400 nm 5–50 μm

Sensitivity High sensitivity for trace elements or compounds,
in order of ppm to ppb for most species Low sensitivity for low molecular weight molecules

Overall Long and complex semi-quantitative analysis Long and complex semi-quantitative analysis
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New developments in MALDI-MSI aim at increasing spatial resolution. An example is a reported
atmospheric-pressure (AP-MALDI) setup applied to brain and kidney imaging, leading to a lateral
resolution of 1.4 μm and coupled to an Orbitrap analyzer [69]. This setup has efficiently shown the
tissue localization of PC 38:6, PC 40:6, PC 38:1, PC 32:0, PS 40:0, and SM d36:0. On the other side,
recent developments in TOF-SIMS aim to give access to a much higher mass resolution, with the recent
launch of the Orbi-SIMS instrument [70] to in situ structural analysis of secondary ions through a
tandem TOF analyzer (TOF/TOF) [71].

Interestingly, most of the studies published so far on kidney MSI point at alterations of the
glycosphingolipid profile in different pathologies involving glomerular dysfunction (Table 2). This lipid
class seems to play a significant role in the correct function of the organ, and of the glomerular barrier
in particular. In fact, gangliosides are especially abundant at the surface of podocytes [13]. Integrity of
the slit diaphragm, a lipid raft-like membranous structure establishing the interaction between foot
processes of adjacent podocytes, is a key aspect in filtration barrier function. Sphingolipids (SP) are
main components of this structure, and their metabolism seems to play a major role. In our setting,
we have found an increased presence of a sphingomyelin species (SM d34:1) in mouse glomeruli.
Nevertheless, other relevant lipid classes have been identified throughout MSI lipidomic analyses,
such as glycerophospholipids (GP) and glycero-lysophospholipids, and, most importantly, their
differential esterifying acyl chains have been unambiguously identified. Glomerular lipidomics is still
underexplored, and MSI constitutes a promising strategy to address this point.

Table 2. Synthesis of reported findings by lipid MSI in renal cortex and glomerular areas. MALDI:
matrix-assisted laser desorption ionization. TOF-SIMS: time of flight–secondary ion mass spectrometry.
SP: sphingolipids. GP: glycerophospholipids. SL: sterol lipids.

Reference Species Technology Pathology/Condition
Main Finding
(ion/molecule)

Lipid MAPS
Category

Anatomical
Region

[30] mouse MALDI Bisphenol toxicity SM d22/20:4 Cer
d18:2/24:1 SP Cortex

[35] mouse MALDI IgA nephropathy PC O-16:0/22:6 PC
O-18:1/22:6 GP Cortex

[34] mouse MALDI Diabetic nephropathy NeuGc-GM3 SP Glomeruli
[25] mouse MALDI Diabetic nephropathy SM d18:0/16:0 SP Glomeruli

[28] mouse MALDI FSGS (doxorubicin
injection model)

LPC 16:0
LPC 18:0 GP Glomeruli

[33] mouse MALDI Fabry disease model Gb3; Ga2 SP Glomeruli
[66] Human biopsies TOF-SIMS Fabry disease Gb3; Ga2 SP Glomeruli

[44,45] mouse MALDI normal PC 32:0 GP Cortex
[25] mouse MALDI normal PA 36:1 GP Glomeruli

[63–65] mouse TOF-SIMS normal Cholesterol SL Glomeruli

this report mouse TOF-SIMS normal Cholesterol
SM d34:1 SL-SP Glomeruli

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/
7/1623/s1. Table S1: Negative ions detected by TOF-SIMS analysis of mouse renal cortex. Table S2: Positive
ions detected by TOF-SIMS analysis of mouse renal cortex. Figure S1: Upper panel, partial positive spectrum
of phosphatidylcholine PC32: 0 standard from Sigma. Lower panel, partial negative spectrum of sulfatide
42:2(18:1/24:1) standard from Sigma. The analyses were done at ICSN-CNRS laboratory. Experimental spectra
were compared with standard spectra for identity attributions.
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Abbreviations

Cer Ceramide
DHA Docosahexaenoate
DESI Desorption electrospray ionization
GL Glycerolipid category
GP Glycerophospholipid category
GPI-BP1 Glycosylphosphatidylinositol-anchored binding protein 1
HILIC Hydrophilic interaction chromatography
INS Idiopathic nephrotic syndrome
LC-MS Liquid chromatography-mass spectrometry
LPC Lysophosphatidylcholine
MALDI Matrix-assisted laser desorption ionization
MCNS Minimal change nephrotic syndrome
MN Membranous nephropathy
MSI Mass spectrometry imaging
NALDI Nanostructure-assisted laser desorption ionization
NS Nephrotic syndrome
PC Phosphatidylcholine
PR Prenol lipid category
SALDI Surface-assisted laser desorption ionization
SIMS Secondary ion mass spectrometry
SL Sterol lipid category
SM Sphingomyelin
ST Sulfatide
SP Sphingolipid category
TOF Time of flight
VLDL Very low-density lipoprotein
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Abstract: Extracellular vesicles (EVs) are lipid bilayer surrounded particles that are considered
an additional way to transmit signals outside the cell. Lipids have not only a structural role in the
organization of EVs membrane bilayer, but they also represent a source of lipid mediators that may act
on target cells. Senescent cells are characterized by a permanent arrest of cell proliferation, but they are
still metabolically active and influence nearby tissue secreting specific signaling mediators, including
those carried by EVs. Notably, cellular senescence is associated with increased EVs release. Here,
we used gas chromatography coupled to mass spectrometry to investigate the total fatty acid content
of EVs released by fibroblasts undergoing H-RasV12-induced senescence and their parental cells.
We find that H-RasV12 fibroblasts show increased level of monounsaturated and decreased level of
saturated fatty acids, as compared to control cells. These changes are associated with transcriptional
up-regulation of specific fatty acid-metabolizing enzymes. The EVs released by both controls and
senescent fibroblasts show a higher level of saturated and polyunsaturated species, as compared to
parental cells. Considering that fibroblasts undergoing H-RasV12-induced senescence release a higher
number of EVs, these findings indicate that senescent cells release via EVs a higher amount of fatty
acids, and in particular of polyunsaturated and saturated fatty acids, as compared to control cells.

Keywords: extracellular vesicles; oncogene-induced senescence; H-Ras; fatty acids; desaturases;
elongases; acyl-coenzyme A synthetases

1. Introduction

Extracellular vesicles (EVs) have been implicated in many physiological processes [1].
The first observation considered EVs as a cellular mean to discard unneeded material during
cell differentiation [2]. Later, it emerged that EVs transmit signals and they are now considered
an alternative manner of cell signal transmission [3,4]. Three main types of EVs have been described,
i.e., microvesicles budding from the plasma membrane (100–1000 nm), exosomes originating from the
inward budding of late endosomes (30–150 nm), and apoptotic bodies released by cells undergoing
apoptosis [5]. Despite their apparent simple classification, their similar and overlapping biochemical
properties make it difficult to obtain preparation containing exclusively microvesicles or exosomes,
so EVs are preferentially indicated as small EVs and large EVs, enriched either in exosomes or
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microvesicles, respectively [6]. EVs have been found in every fluid of the body, including easily
accessible ones such as saliva or discard products such as urine. For this reason, and because EVs often
maintain important properties of the cells secreting them, EVs have gained considerable attention for
diagnostic and therapeutic purposes [7]. EVs contain lipids, proteins and nucleic acids, namely ncRNA
such as miRNAs and lncRNA and a few databases have been developed, such as EVpedia [8], listing
the biochemical components retrieved in EVs.

Despite their relevance, the number of studies on EV lipid composition is limited as compared to
studies on protein or nucleic acid composition [9–12]. There is a certain consensus that EVs are enriched
in cholesterol, sphingomyelin, ether-linked phospholipids and lysophospholipids [12,13]. EVs contain
not only lipids forming the bulk of their membranes, but also lipid mediators acting as carriers between
cells [14,15]. Studies have shown the presence within EVs of lipid mediators and enzymes involved in
the release of their precursors [16], demonstrating that EVs may be important players in the so-called
“transcellular biosynthesis” of eicosanoids [17,18]. Fatty acid analyses provide evidence that EVs
mainly contain saturated fatty acids (SFA), even if monounsaturated (MUFA) and polyunsaturated
(PUFA) ones are also present. In fact, EVs can be also considered an additional mechanism to transport
fatty acids across the plasma membrane to target cells [19]. Thus, understanding the fatty acid
composition of EVs may allow us to identify what kind of fatty acids are preferentially discarded by
cells, influencing the metabolism of the surrounding tissue [20].

Senescence is a condition characterized by a permanent arrest of cell proliferation [21,22].
Senescent cells are metabolically active and release in the extracellular environment specific biochemical
mediators, collectively known as Senescence Associated Secretory Phenotype (SASP) [23]. SASP can
deeply influence surrounding cells, namely through the action of cytokines and chemokines stimulating
the clearance of senescent cells by innate immune system and maintaining autocrine senescence signals.
Although the absence of proliferation by senescent cells is considered a barrier towards oncogenic
transformation [24–26], many SASP factors also have pro-tumorigenic properties [27] and EVs are
currently considered additional SASP components [28].

Oncogene-induced senescence (OIS) is due to the activation of oncogenes in normal cells in
the absence of additional oncogenic activation and/or inactivation of tumor suppressor genes
that are necessary to fully transform cells. OIS is phenotypically indistinguishable from cellular
senescence and cells undergoing are characterized by flattened morphology and positivity to well
established senescence markers, namely as senescence-associated β-galactosidase [29]. The Ras family
of oncogenes encodes small monomeric GTP-binding proteins that transduce mitogenic stimuli. It is
well established that expression of constitutively active H-RasV12 induces senescence [30]. We have
previously demonstrated that fibroblasts undergoing H-RasV12-induced senescence release a higher
number of EVs [12], in agreement with studies on other senescence models [31,32]. Further, EVs
released by fibroblasts undergoing H-RasV12-induced senescence show a peculiar lipid signature,
as they are enriched in lysosphospholipids, ether-linked lipids and sulfatides [12]. Nevertheless,
the total fatty acid composition of EVs released by OIS cells is not known, although it is a key
assessment to understand what kind of fatty acids are preferentially discarded by the cells via EVs and
how they influence the metabolism of neighbouring cells.

Here, we investigate the total fatty acid composition of EVs released by H-RasV12 and control
fibroblasts, and their parental cells. Our findings provide evidence that EVs released by senescent and
control fibroblasts share a similar fatty acid profile, which is enriched in SFA and PUFA as compared
to releasing cells. Taking into account that senescent fibroblasts release a higher number of EVs,
these findings indicate that senescent cells release a higher amount of fatty acids, in particular SFA
and PUFA, with respect to controls. Besides this, we observed a significant increase of MUFA in cells
undergoing senescence, in association with changes in the expression profile of enzymes involved in
fatty acid desaturation and release from membrane phospholipids.
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2. Results

2.1. Analysis of H-RasV12 and Control Fibroblasts Released EVs by Immunoblotting and Immuno-TEM

H-RasV12 was expressed in HuDe fibroblasts by transfection and cells were pharmacologically
selected with blasticidin-S to get rid of untransfected cells. pcDNA6 empty vector was transfected
as control. H-RasV12 expression induced an arrest of cell proliferation, changes in cell morphology
accompanied by senescence-associated β-galactosidase staining and DNA damage demonstrated by
γH2AX immunoreactivity (Figure 1). H-RasV12 expression was checked by immunoblotting with
anti-H-Ras antibody (Figure 1). EVs were isolated from fibroblasts expressing H-RasV12 and control
cells using the polymer co-precipitation method (Exoquick-TC was used as reagent) and their main
features characterized as previously described [12]. Immunoblotting and immuno-TEM analysis
showed the presence in our preparations of proteins specifically enriched in EVs (Figure 1). Positive
markers CD9, CD63 and Tsg101 were clearly detectable in EVs, in agreement with guidelines [5].
Calnexin, an endoplasmic reticulum protein usually not present in EVs, and actin were used as
negative markers. As expected, they were not detectable in EVs, although they were clearly present in
equal amount in cell samples (Figure 1). In addition, H-RasV12 was clearly present in EVs released by
fibroblasts over-expressing it.

The structural characterization of EVs was carried out by immuno-TEM (Figure 1). Image
analysis detected small EVs of less than 100 nm size in H-RasV12 and control samples, compatible
with an enrichment in small EVs. The presence of CD63 on their membrane bilayer was confirmed
using immunogold labelling with an anti-CD63. These results confirmed an enrichment of small
membranous vesicles in our preparation, consisting of exosomes and small microvesicles [12].

Figure 1. Cont.

143



Int. J. Mol. Sci. 2018, 19, 3515

Figure 1. Analysis of H-RasV12-induced senescence in HuDe fibroblasts and characterization of EVs
released by control and H-RasV12 expressing cells. (A) Growth curve of HuDe fibroblasts expressing
H-RasV12 or transfected with the vector alone as control (CTRL). Mean values were calculated on 3
replicates and mean ± S.E.M. is indicated as fold increase with respect to the number of seeded cells
(set 1). (B) Senescence-associated β-galactosidase staining and quantification of senescence-associated
β-galactosidase (SA-β-gal) positive cells. Microscopy images (40×) of H-RasV12 and CTRL fibroblasts
transfected with the vector alone. SA-β-gal positive cells were counted on three different fields in three
separate experiments experiments (* p < 0.05, CTRL vs. H-RasV12). (C) Immunostaining for γH2AX.
Cells were fixed in 4% paraformaldehyde, permeabilized in PBS/0.1% Triton X-100, incubated with
an anti-γH2AX and labelled with an anti-rabbit Alexa-Fluor 594 antibody. Nuclei were stained with
1 μg/mL DAPI. Fluorescence microscopy analysis was carried out with a Nikon TE2000 microscope
through a 60× oil immersion objective. (D) Immunoblotting. Cell extracts and EVs samples were
separated by SDS-PAGE, electrotransferred, and probed with positive and negative markers indicated.
(E) Immuno-transmission electron micrographs of EVs. Samples were fixed, dropped directly onto
formvar/carbon coated grids, blocked and incubated with mouse anti-CD63 primary antibody, rabbit
anti-mouse secondary antibody and gold-labelled Protein A.

2.2. Analysis of Fatty Acids Content

The GC-MS analysis of fatty acids in both cells and EVs highlighted significant differences
between cells and EVs (Figure 2). First, EVs had a higher fatty acids/protein ratio with respect to cells
(Figure 2A,B) and the content of total fatty acids normalized for proteins was lower for EVs prepared
from H-RasV12 cells as compared to controls (Figure 2B). The high lipid/protein ratio in EVs with
respect to cells agrees with previous studies [10,22,33]. In addition, when we grouped fatty acids in
saturated (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA), we clearly observed that
H-RasV12 expressing fibroblasts were enriched in MUFA (~33% of the total detected fatty acids as
compared to 17% of control samples) (Figure 2A). This increase was associated with the decrease
of SFA (~65% of the total detected fatty acids as compared to 80% of control), whereas the content
of PUFA was similar. EVs were characterised by a similar and elevated SFA level in both samples
(Figure 2B), which is consistent with previous studies [9,10].
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Figure 2. Fatty acid content and distribution of SFA, MUFA and PUFA in control and H-RasV12 cells
(A) and their released EVs (B). Lipids were extracted and total fatty acids analysis was carried out
by GC-MS. In the graphs are reported the amounts of total fatty acids relative to protein content.
Data are expressed as ng of FA/μg of proteins and are presented as mean ± SD (n = 6) (* p < 0.05,
control vs. H-RasV12). In the pie charts are reported the proportion of fatty acids grouped on the basis
of their unsaturation level; SFA: saturated fatty acids; MUFA: Mono-unsaturated fatty acids; PUFA:
Poly-unsaturated fatty acids.

When the fatty acids profile was analyzed in detail (Figure 3A), significant modifications were
observed in cells undergoing H-RasV12-inducing senescence. The most relevant ones were the
significant decrease of all SFA species and the significant increase of palmitoleic (C16:1) and oleic
(C18:1) acids, leading to a general increase of MUFA in senescent cells. Regarding PUFA, in H-RasV12
fibroblasts we observed decreased levels of γ-linolenic acid (C18:3 n6) and an increased level of
γ-linoleic (C18:2 n6), docosahexaenoic (C22:6 n3) and eicosapentaenoic (C20:5 n3) acids (Figure 3A).

The comparison between cells and EVs revealed that the higher fatty acids/protein ratio in
EVs with respect to cells was due to a high SFA and PUFA content (Table 1). As for fibroblasts,
palmitic (C16:0) and stearic (C18:0) acids were the most abundant species in EVs (Figure 3B). Besides,
comparison of MUFA species in cells and in EVs revealed that two monounsaturated species, C22:1
and C24:1, were not detectable in EVs (Figure 3). As mentioned above, a greater amount of PUFA in
EVs with respect to parental cells was observed. In fact, even if eicosapentaenoic acid was not detected
in EVs, they were enriched in each PUFA with respect to parental cells (Figure 3B).

The comparison of the composition of EVs released from H-RasV12 and control fibroblasts
revealed a significant decrease of the two most abundant SFA species (C16:0 and C18:0) that was in
line with the decrease in ng of total fatty acids/μg of proteins observed for H-RasV12 EVs (Figure 2B,
left). No additional changes in the levels of MUFA and PUFA species were observed (Figure 3B), thus
indicating the H-RasV12 expressing cells release EVs with a similar fatty acid profile as compared to
control cells.
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Figure 3. Fatty acid profiles of control and H-RasV12 expressing fibroslasts (A) and their released
EVs (B). Lipids were extracted, and total fatty acids composition were analysed by GC-MS. Data,
are expressed as ng fatty acids/μg proteins and are presented as mean ± S.D (n = 6). * p < 0.05
(control vs. H-RasV12). SFA: saturated fatty acids; MUFA: mono-unsaturated fatty acids; PUFA:
poly-unsaturated fatty acids.

Table 1. SFA, MUFA and PUFA content in control and H-RasV12 expressing fibroblasts and their
released EVs. Data are expressed as amount of fatty acids relative to protein content (ng fatty acids/μg
proteins). Mean values ± SD are shown (n = 6) (* p < 0.05, control vs. H-RasV12). SFA: saturated fatty
acids; MUFA: mono-unsaturated fatty acids; PUFA: poly-unsaturated fatty acids.

ng Lipid/μg Protein
Fibroblasts EVs

CTRL RasV12 CTRL RasV12

SFA 212.39 ± 66.30 126.19 ± 47.05 * 1084.78 ± 147.63 787.4 ± 65.65 *
MUFA 35.14 ± 12.29 70.60 ± 31.65 * 40.38 ± 8.19 32.28 ± 7.22
PUFA 3.35 ± 1.54 3.38 ± 1.48 18.35 ± 8.46 11.67 ± 4.19

2.3. Expression Analysis of Genes Involved in Fatty Acids Remodelling and Phospholipases A2

To gain insight into transcriptional changes underlying the different fatty acid profile of H-RasV12
vs. control fibroblasts, we analyzed the expression of several genes involved in fatty acid metabolism,
i.e., desaturases (stearoyl-CoA desaturase, SCD and fatty acids desaturase, FADS), elongases (ELOVL)
and acyl-coenzyme A synthetases (ACSL) by qRT-PCR. Among genes expressed in fibroblasts
(Supplementary Table S1), we observed an up-regulation of SCD and notably, of 2 out of 3 ACSL genes,
i.e., ACSL3 and ACSL4 (Figure 4A). The increased expression of SCD gene (stearoyl-CoA desaturase 1
or delta-9 desaturase) in H-RasV12 fibroblasts (Figure 4A) well correlated with the observation that
our model of oncogene-induced senescence is characterized by higher content of C16:1 and C18:1
(Figure 3A). Furthermore, we investigated the expression of phospholipase A2 transcripts, which are

146



Int. J. Mol. Sci. 2018, 19, 3515

involved in the release of fatty acid precursor of lipid mediators from membrane phospholipid and
found that PL2G3 and PLA2G6B were significantly up-regulated (Figure 4B).

Figure 4. Gene expression analysis of fatty acid-metabolizing enzymes in control and H-RasV12
expressing fibroblasts by qRT-PCR. (A) Gene expression analysis of desaturases (SCD and FADS),
elongases (ELOVL) and acyl-coenzyme A synthetases (ACSL). (B) Gene expression analysis of
phospholipases A2 (PLA2). Ten ng of each cDNA were used as template. Reactions were performed in
triplicate, using SYBR green technology StepOne RT-PCR machine to detect amplification. The GAPDH
gene was used as endogenous control. The fold expression in H-RasV12 fibroblasts with respect to
control is displayed, expressed as Relative Quantity (RQ). The analysis was repeated three times in
triplicate and the mean ± S.D. is reported (* p < 0.05).

3. Discussion

Extracellular vesicles (EVs) have been recognized as an additional way to transmit cell-to-cell
signals. Much evidence has been also provided that their lipid content not only has a structural
function, but that they can also represent conveyors of membrane-derived bioactive lipids [14,15].
Analysis of fatty acids released extracellularly via EVs is an important factor in the determination of the
amount and type of lipid mediator precursors available to the surrounding tissue and to extracellular
enzymes, in order to spread lipid-mediated signals. To gain insight on how H-RasV12 expression in
human fibroblasts influences fatty composition of cells and EVs, we have investigated the fatty acid
profile of H-RasV12 and control fibroblasts and their released EVs.

Fatty acid composition confirmed that EVs have a higher fatty acid content per μg of protein
respect to parental cells. This is consistent with other studies that have shown a higher lipid to protein
ratio for EVs with respect to the releasing cells [10,12]. Lipid/protein ratio has been also proposed
as a marker for EVs [33]. Grouping fatty acids into SFA, MUFA and PUFA category showed that
H-RasV12 fibroblasts are characterized by a significantly increased level of MUFA and a decreased
level of SFA as compared to control cells, whereas the content of PUFA was similar.

The level of SFA, MUFA and PUFA in EVs revealed that they were mostly made up of saturated
species (about 95%). This was consistent with previous studies [9,10]. Comparing fatty acid content
between cells and EVs, we observed an enrichment of PUFA in EVs, as well as SFA, whereas MUFA
were present at a similar level. PUFA are precursor of lipid mediators which can have either
a pro-inflammatory or a pro-resolving function [34]. Their presence in EVs has been previously
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described, as well as the presence of enzymes responsible for lipid mediator biosynthesis, such as
prostaglandins [16,18,35]. Considering that fibroblasts undergoing H-RasV12-induced senescence
release a higher number of EVs [12], these findings indicate that senescent cells release via EVs a higher
amount of fatty acids, and in particular of PUFA and SFA, as compared to control cells. As discussed
above, PUFA availability could affect the biosynthesis of lipid mediators in recipient cells following
EVs uptake. As for SFA, their increased availability could represent an alternative source of fatty acids
for recipient cells in neighbor tissue. This might be relevant for tissue homeostasis, as it has been
previously shown that SFA-enriched EVs may induce pro-inflammatory responses [36,37].

From a structural point of view, the high level of SFA, and saturated phospholipid species,
has been previously correlated with an increased membrane rigidity relative to parent cell
membranes [9,10,38,39] and with an increased stability of EVs in biological fluids [40].

In fibroblasts, the increased level of MUFA in cells undergoing H-RasV12-induced senescence was
mainly due to an increase of palmitoleic acid (C16:1) and oleic acid (C18:1), whereas their corresponding
saturated fatty acids palmitic (C16:0) and stearic (C18:0) were decreased. The conversion of C16:0 and
C18:0 in C16:1 and C18:1 is due to stearoyl-CoA desaturase (SCD), that introduces a cis-Δ9 double
bond into saturated fatty acids. Gene expression analysis showed a significant up-regulation of
SCD gene, whereas the other desaturases were not affected. The conversion of palmitic acid (C16:0)
into stearic acid (C18:0), which was the most abundant species, requires the activity of elongases,
but none of the expressed elongases showed a significantly altered transcript level. We also tested the
expression of fatty acid activating enzymes acyl CoA synthetases, which are key enzymes converting
long-chain fatty acids into fatty acyl-CoA esters, which then serve as a substrate for both lipid
synthesis and β-oxidation [41]. We detected a significantly increased level of two enzymes, ACSL3
and ACSL4. Even if these two enzymes catalyze the same reaction, there is increasing evidence for a
specialization in the substrates. In fact, ACSL3 prefers palmitate and ACSL4 arachidonic acid (C20:4)
and eicosapentaenoic acid (C20:5), thus modulating prostaglandin E(2) release from human smooth
muscle cells [42]. These evidences suggest that H-RasV12-induced senescence may be associated with
pro-inflammatory fatty acid metabolism. ACSL3 and ACSL4 expression levels have been reported
to be frequently altered in cancer [43] but here we provide evidence that they have also an altered
expression profile in senescence induced by oncogenic H-Ras. This finding is consistent with previous
studies, demonstrating the up-regulation of ACSL3 in NeuT oncogene-induced senescence [44] and
ACSL4 in BJ fibroblasts undergoing replicative senescence [45].

The first step of fatty acid release from membrane (to make lipid mediator precursors available
for the biosynthetic reactions) is the hydrolysis of fatty acids from the sn-2 position of phospholipids
by phospholipase A2, to give free fatty acids and lysophospholipids [46]. We tested a panel of human
phospholipase A2 and detected an up-regulation of PL2G3 and PLA2G6B. PLA2G3 encodes for a
secreted phospholipase A2 [47]. PLA2G3 has a relevant role in male reproduction and is an endogenous
regulator of mast cells [48], but no role in H-Ras induced senescence has not been reported so far.
PLA2GB6B encodes for an isoform of inducible phospholipase A2 also known as iPLA2γ. This enzyme
promotes cellular membrane hydrolysis and prostaglandin production [49], reinforcing the evidence
that H-RasV12 induced senescence may be associated with an increased release of pro-inflammatory
lipid mediator precursors such as arachidonic acid.

Lipid metabolism changes induced by H-Ras activation have been often investigated with
a specific attention on intracellular metabolic alterations. Here, we provide evidence that
H-RasV12-induced senescence is associated with changes in fatty acids content and in the level
of some fatty acid metabolizing enzymes transcripts. Whether these changes are a specific feature of
oncogene induced senescence or are associated with senescence induced by other types of stimuli
such as telomere shortening or DNA damage remains to be determined. However, the changes
in the expression profile of the fatty acids-related enzymes have an impact not only on cellular
lipid composition, but also on the levels of saturated and polyunsaturated fatty acids released

148



Int. J. Mol. Sci. 2018, 19, 3515

extracellularly via EVs. These fatty acids represent a factor that contributes to the properties of the
senescence-associated secretory phenotype, influencing metabolism and cell signaling to nearby tissue.

4. Materials and Methods

4.1. HuDe Fibroblasts Transfection and H-RasV12 Expression

HuDe (human dermal fibroblasts) were purchased from the Istituto Zooprofilattico Sperimentale,
Brescia, Italy as previously reported [25]. Cells were cultured in DMEM (Dulbecco’s modified Eagle’s
medium) with 10% (v/v) heat-inactivated FBS, 2 mM glutamine, 100 U/mL penicillin, 100 mg/mL
streptomycin at 37 ◦C in a 5% CO2. Cell viability was assessed by trypan blue staining exclusion
(0.1% in 0.9% NaCl) and cell growth was determined by counting cell numbers in a hemocytometer.
Cells were transiently transfected with the pcDNA6 plasmid encoding the constitutively active mutant
H-RasV12 and with the empty vector as control using Lipofectamine LTX, then selected for 5 to 7 days
with 4 μg/mL blasticidin-S as selective agent, as previously described [12].

4.2. Staining of Senescence Associated β-Galactosidase (SA-β-Gal)

Cells were washed with PBS, fixed with 0.5% glutaraldehyde for 10 min at RT, washed with PBS
and incubated at 37 ◦C overnight with the staining solution (5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 2 mM MgCl2 in 100 mM citric acid and 200 mM Na2HPO4 solutions pH 6.0,
1 mg/mL 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside). The development of blue color was
checked under microscope using 20× total magnification. Positive fibroblasts were counted and results
expressed as mean ± S.E.M. of the percentage of SA-β-gal positive fibroblasts with respect to the total
number of fibroblasts.

4.3. Immunostaining

Cells were washed with PBS, fixed in 4% paraformaldehyde for 20 min at RT, permeabilized
with 0.1% Triton X-100 in PBS for 10 min at RT, then incubated with an anti-γH2AX (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) in 2% FBS/0.01% Triton X-100/PBS and labelled with an
anti-rabbit Alexa-Fluor 594 antibody (Thermofisher Scientific, Waltham, MA, USA). Nuclei were
stained with 1 μg/mL DAPI (Sigma-Aldrich, St. Louis, MO, USA). Fluorescence microscopy
analysis was carried out using a Nikon TE2000 microscope (Minato, Tokyo, Japan) through a 60× oil
immersion objective.

4.4. Extracellular Vesicles Preparation

After selection with 4 μg/mL blasticidin-S, HuDe fibroblasts were further incubated for 72 h in
serum free medium containing 4 μg/mL blasticidin-S to avoid any contamination by FBS lipoproteins.
Then, medium was collected and centrifuged to remove cells, cell debris and large EVs (300× g, 10 min;
2000× g, 10 min), adding a filtration step at 0.22 μm with cellulose filter (Millipore, Burlington, MA,
USA) to enrich for small EVs. Vesicles were isolated by polymer co-precipitation using Exoquick-TC
precipitation method (System Biosciences, Palo Alto, CA, USA) as previously described [12]. Pelleted
EVs were stored at −80 ◦C in PBS. EV protein content was determined by the Bradford method, using
bovine serum albumin as standard.

4.5. Immunoblotting

Cell extracts were prepared as previously described [12]. Cell extracts (30 μg) or EVs (3 μg)
were mixed with sample buffer 5× (1M Tris-HCl pH 6.8, 5% (w/v) SDS, 6% (v/v) glycerol, 0.01%
(w/v) Bromophenol blue) without DTT (non-reducing conditions, used for CD9 and CD63 antibodies)
or with 125 mM DTT (other antibodies). Samples were electrophoresed on 12% acrylamide gel
at 150 V for 1 h and transferred to PVDF membrane at 100 V for 1 h. As internal control, actin
or calnexin were used. Rabbit polyclonal anti-H-Ras antibody, mouse monoclonal anti-Tsg101
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antibody, goat polyclonal anti-calnexin antibody were from Santa Cruz Biotechnology, mouse
monoclonal anti-CD9 and mouse monoclonal anti-CD63 were from Abcam (Cambridge, UK), mouse
monoclonal anti β-actin was from Sigma-Aldrich. Sheep anti-goat (Sigma), donkey anti-rabbit
and sheep anti-mouse HRP-linked secondary antibodies (Sigma Aldrich) were probed according
to manufacturer’s instructions. Immunoblots were detected by chemiluminescence using ECL system.

4.6. Immunogold

For immuno-transmission electron microscopy (immuno-TEM), EVs were fixed in 4%
formaldehyde and 0.1% glutaraldehyde for 15 min then dropped directly onto formvar/carbon
coated grids and left for 20 min at room temperature. Grids were washed with PBS, blocked for
10 min with 0.5% bovine serum albumin in PBS, incubated for 20 min with mouse anti-CD63 primary
antibody, incubated 20 min with rabbit anti-mouse secondary antibody and, finally, incubated with
gold-labelled protein A for 10 min. Between each antibody incubation, grids were washed twice with
PBS. Two washes, one in PBS and one in water, were performed before grids stained/embedded with
0.4% uranyl acetate/1.8% methyl cellulose for 10 min at 4 ◦C. Grids were allowed to dry at least for
20 min and samples were observed on a JEOL-JEM 1230 at 80 kV and images were recorded with a
Morada digital camera.

4.7. Cells and Vesicles Preparation for Fatty Acid Analysis

For fatty acids analysis, about 3.6 × 106 of H-RasV12 expressing cells or control cells were
washed twice with PBS, pelleted and stored at −80 ◦C. Total cellular lipids were extracted from 6
cell pellets from 3 different preparations and protein concentration was determined in each sample
to normalize lipid content. For EVs, they were obtained from cell culture medium of the same
preparations used for cell lipid extraction, pooled, and 8 μg of proteins used for each analysis. Lipid
extraction was carried out as previously reported [50,51]. Extracts were dried under nitrogen and
resuspended in methanol prior to be submitted for analyses. An acid hydrolysis was carried out by
dissolving the methanol fraction in chloroform/methanol 1:1 (v/v). Then, 1 M HCl:methanol (1:1, v/v)
solution was added to the total lipid extract and the mixed solution shaken for 2 h. Chloroform:water
(1:1 v/v) was added and the organic phase collected and dried under nitrogen flow. The residue
was dissolved in methanol. For fatty acid quantification, the MS analysis was carried out with a
selective ion monitoring-tandem mass spectrometry (SIM-MS/MS) method. Quantitative analysis
was performed with calibration curves. An ESI source connected with an API 4000 triple quadrupole
instrument (AB Sciex, Old Connecticut Path, Framingham, MA USA) was used. The mobile phases
were: Water/10 mM isopropylethylamine/15 mM acetic acid (phase A) and methanol (phase B).
MultiQuant™ software version 3.0.2 (AB Sciex, Old Connecticut Path, Framingham, MA, USA) was
used for data analysis and peak review of chromatograms. Quantitative evaluation of phospholipid
families was performed based on standard curves. Quantitative data were normalized on the protein
content of cells or vesicles. An external standard for each phospholipid family was used for the
semi-quantitative analysis. Data were normalized on protein content.

4.8. qRT-PCR

RNA was extracted and retro-transcribed as previously described [12]. cDNA was used to
determine the expression of genes listed in Supplementary Table S1. cDNA was used to determine
transcript levels by qRT-PCR in a StepOne RT-PCR machine (Applied Biosystems, Foster City, CA, USA)
using SYBR® Select Master Mix (Life Technologies, Carlsbad, CA, USA). Reactions were performed in
triplicate and GAPDH used as endogenous control. Data were analysed using the ΔΔCt method. ΔCt
was calculated subtracting the average Ct value of GAPDH to the average Ct value of a specific gene
for each sample, then ΔΔCt as the difference between the ΔCt for each sample and the ΔCt of empty
vector transfected fibroblasts as control. The reported fold expression, expressed as Relative Quantity,
was calculated by 2−ΔΔCt.
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4.9. Statistical Analysis

Statistical comparison was performed using Student’s t-test. Differences were considered
statistically significant when p < 0.05. For lipid analysis, 6 independent experiments for cells and EVs
were carried out.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/11/
3515/s1.
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Abstract: Background: In Acute Myeloid Leukemia (AML), a complete response to chemotherapy
is usually obtained after conventional chemotherapy but overall patient survival is poor due to
highly frequent relapses. As opposed to chronic myeloid leukemia, B lymphoma or multiple
myeloma, AML is one of the rare malignant hemopathies the therapy of which has not significantly
improved during the past 30 years despite intense research efforts. One promising approach
is to determine metabolic dependencies in AML cells. Moreover, two key metabolic enzymes,
isocitrate dehydrogenases (IDH1/2), are mutated in more than 15% of AML patient, reinforcing the
interest in studying metabolic reprogramming, in particular in this subgroup of patients. Methods:
Using a multi-omics approach combining proteomics, lipidomics, and isotopic profiling of [U-13C]
glucose and [U-13C] glutamine cultures with more classical biochemical analyses, we studied
the impact of the IDH1 R132H mutation in AML cells on lipid biosynthesis. Results: Global
proteomic and lipidomic approaches showed a dysregulation of lipid metabolism, especially an
increase of phosphatidylinositol, sphingolipids (especially few species of ceramide, sphingosine,
and sphinganine), free cholesterol and monounsaturated fatty acids in IDH1 mutant cells. Isotopic
profiling of fatty acids revealed that higher lipid anabolism in IDH1 mutant cells corroborated with
an increase in lipogenesis fluxes. Conclusions: This integrative approach was efficient to gain insight
into metabolism and dynamics of lipid species in leukemic cells. Therefore, we have determined that
lipid anabolism is strongly reprogrammed in IDH1 mutant AML cells with a crucial dysregulation of
fatty acid metabolism and fluxes, both being mediated by 2-HG (2-Hydroxyglutarate) production.

Keywords: lipidomics; isotopic profiling; metabolic reprogramming; IDH mutation; leukemia
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1. Introduction

Cancer cells, including acute myeloid leukemia (AML) cells, grow and divide faster and more
efficiently than normal cells, which increase their demand for energy, biosynthetic precursors,
and macromolecular synthesis [1–4]. Most of them reprogram their metabolism from oxidative
phosphorylation to aerobic glycolysis. The finding of this phenomenon, termed the “Warburg
effect”, stimulated much research on tumorigenesis [4–6]. Over the past twenty years, advanced
developments in genetic, omics and high-throughput screening methods have revealed that many of
oncogenic signaling pathways regulate cell metabolism in cancer. Therefore, changes in cell metabolism
represent a key hallmark in cancer biology [3] and it has been largely demonstrated that metabolic
reprogramming in cancer cells occurs far beyond the Warburg Effect [7,8]. Indeed, cancer cells activate
various metabolic pathways—e.g., glutaminolysis, amino acid degradation, fatty acid β-oxidation
(FAO)—to generate the numerous precursors that are required for macromolecule biosynthesis, such
as ribose for nucleic acids and glycerol for lipid synthesis. Dysregulation of lipid-associated pathways
is increasingly described in tumors [9–12], and different studies have demonstrated that lipogenesis is
significantly up-regulated in human cancers, in particular to respond to higher demands for membrane
biogenesis [13–15] or to serve as energy source when nutrients are limited [16,17].

Few years ago, mutations in two key metabolic enzymes, isocitrate dehydrogenases (IDH1 and
IDH2) have been discovered in gliomas and myeloid malignancies [18–21]. In AML, 15–20% of
patients carry mutations in IDH1 or IDH2 [19,22–25]. This finding has reinforced the interest in
studying cell metabolism in this pathology. IDH mutations induce a neomorphic activity resulting
from a rearrangement of the enzyme active site favoring the reduction of α-ketoglutarate (α-KG) to
D-2-hydroxyglutarate (2-HG) oncometabolite [26,27]. 2-HG strongly structurally resembles α-KG
and can function as a potent competitive inhibitor of α-ketoglutarate-dependent enzyme reactions,
including dehydrogenases, transaminases, and dioxygenases [28–32]. On the other side, the wild
type enzyme catalyzes the interconversion between isocitrate and α-KG and produces NADPH, an
essential cofactor that is required for numerous anabolic pathways (nucleotide, fatty acid elongation,
lipid synthesis, and cholesterol synthesis) to sustain cell growth and proliferation [2], especially
in cancer cells exhibiting aerobic glycolysis (Warburg phenotype), in hypoxia or with defective
mitochondria [33–35]. IDH mutations are heterozygous with the conservation of a wild-type allele,
suggesting the importance of this wild-type protein to favor the mutant activity. However, while the
role of wild type IDH is well documented in normal and cancer cells, the impact of IDH mutation on
lipid metabolism, and especially on its respective metabolic fluxes in cancer, is still largely unknown.

In this study we investigated lipid metabolism in AML cells harboring IDH1 R132H mutation,
the most common IDH1 mutation. Lipids represent a very large class of molecules that show
strong structural diversity (e.g., various combinations of fatty acyls and functional headgroups in
phospholipids or various positions for hydroxyl groups on sterol). This chemical heterogeneity,
together with the occurrence of many isomeric and isobaric lipid species and the large concentration
range over which lipids are found, preclude the measurement of complete lipidomic profiles with a
single analytical method. Specific methods are then used for each class of lipids: neutral lipids and
fatty acids were analyzed by GC-FID, phospholipids and sphingolipids by LC-MS. Furthermore, the
lack of analytical standards for complex lipids hampers the absolute quantification of many molecular
species [36]. In this project, lipids were analyzed through different complementary approaches to get a
broad coverage of the lipidome [37–39]. The data indicated significant changes in the lipidomic profile
of IDH1 R132H cells as compared to WT cells, especially with the increase of phosphatidylinositol,
ceramide, and monounsaturated fatty acid. These results encouraged us to investigate the dynamics
of lipid synthesis in these cells. This was achieved by using 13C-labeling strategies in which the
incorporation of 13C-label from [U-13C]-labeled glucose or [U-13C]-labeled glutamine into fatty acids
was measured by GC-MS. The results showed increased de novo synthesis of fatty acids in IDH mutants
through the production of 2-HG. Altogether, our investigations show that IDH1 mutation results in
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significant reprogramming of lipid metabolism in AML cells and could represent an interesting
therapeutic target for this subgroup of patients.

2. Results and Discussion

2.1. Lipid Metabolism is Dysregulated in IDH1 Mutant Cells

We first compared the proteome of IDH1 mutant HL60 cells to the one of IDH1 WT cells. A list
of proteins that are significantly more abundant (fold change higher than 1.5 and FDR lower than
0.06) have been established (Supplementary Table S1B). Data mining of this specific protein set
with Genomatix software revealed major changes in proteins that are associated to pathways of
lipid biosynthesis and degradation (Figure 1), while proliferation rates remained unchanged and no
significant differences in size, morphology, or doubling time for these cells have been observed. IDH1
R132H cells showed higher content in proteins that are involved in lipid synthesis, including cholesterol
and sterol biosynthesis (IDI1, LSS, EBP; Supplementary Table S1). Interestingly, proteins involved in
fatty acids (FA) oxidation were also significantly increased in IDH1 R132H cells (ACOX1/ACOX2,
HSD17B4, Figure 1), suggesting higher FA catabolism to produce acetyl-CoA and feed the TCA
cycle. FAO and lipogenesis are traditionally not described as being operating synchronously because
they have opposite functions and are both regulated by ACC activity in opposite ways. However,
some studies have demonstrated that FAO was essential to cell survival and metastasis in highly
lipogenic solid cancers [40,41]. Of note, German and colleagues [42] have investigated this feature in
AML cells. In fact, the authors demonstrated that under nutrient abundance, prolyl-hydroxylase 3
(PHD3) activates specifically ACC2 by hydroxylation, hence favoring malonyl-CoA formation and
consequently inhibiting FAO. PHD3 does not act on ACC1, which could therefore maintain lipid
synthesis while FAO is upregulated. Furthermore, 2-HG inhibition of α-KG-dependent dioxygenases,
including PHDs, has been mainly described [28,43]. As a result, inhibition of PHD3 by 2-HG could
prevent ACC2 hydroxylation and malonyl-CoA production to favor FAO in IDH1 mutant AML cells.

Figure 1. Enrichment in proteins associated with lipid metabolism in HL60 IDH1 R132H cells compared
to WT cells (n = 4), based on GO biological processes. (Total) means all the genes encoding the proteins
corresponding to the pathways described in the literature while (observed) refers to the genes encoding
the proteins found more abundant in IDH1 R132H cells.

Moreover, we and others have shown that FAO and FA translocase/receptor CD36 played a
crucial role in cell survival and drug resistance in AML in vitro and in vivo [44,45], thus reinforcing
the key role of lipid metabolism in AML.

The comparison of the proteomes of IDH1 R132H and WT AML cells suggests a major
reprogramming in the pathways of lipid degradation and biosynthesis, with potentially different
impacts considering the diverse classes of lipids affected: mainly with sterol and fatty acids metabolism.
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A better understanding of this reprogramming process could give a precious insight into the biology
of AML and the consequences of IDH1 mutation.

2.2. Lipidomic Experiments Confirmed Changes in Fatty Acid Reorganization in IDH1 R132H AML Cells

The lipidome of IDH1 R132H cells was measured using a combination of LC-MS and GC methods
and compared to the one of WT cells. Lipids were extracted using a universal liquid-liquid extraction
method [46] in the presence of internal standards (one per family studied) to follow the sample
preparation and to perform relative quantification of the molecular species. Relative quantification
of most lipids has been achieved by expressing the intensities of the peaks of interest relative to the
area of the internal standard (Arbitrary Unit AU/million of cells). Absolute quantification (μg/million
of cells) has been performed for LPC and sphingoïd bases due to the availability of pure standards.
Phospholipids were measured by LC-MS/MS [37]. The different classes (PE, PC, PI, PS) were separated
by polar head on a HILIC column (except for LysoPC, which were analyzed on an apolar column) [47].
Molecular species (with their number of carbons and number of double bonds) were discriminated by
MS/MS based on specific MRM transitions.

The relative amounts of PS, PE, and PC were similar in IDH1 WT and R132H cells (Figure 2A).
This result is different from observations reported for gliomas harboring IDH mutation, suggesting
a potential metabolic specificity of IDH mutation in AML cells. Indeed, Izquierdo-Garcia et al. [48]
measured reduced PC levels while Reitman et al. [49] observed a decrease in PE levels in IDH1/2
mutant gliomas cells compared to IDH1 WT cells. More recently, Viswanath et al. [50] demonstrated
that reduced PC and PE amounts in IDH mutant gliomas were due to a decrease in choline kinase and
ethanolamine kinase, the enzymes that catalyze the production of PC and PE, respectively. However,
we observed a significant increase for LysoPC (+15%) and mainly PI (+82%) families in AML mutant
cells. The majority of the PI species were significantly increased, except 32:1; 34:2; 38:3; 38:4; 38:5;
40:5; and 40:6 (details of molecular species profiled for PI are listed in Supplementary Figure S1A).
Modifications in intermediates of glycerophospholipid metabolism, such as LysoPC and PI, suggest
that membrane trafficking and lipid signaling are stimulated in these cells [51].

Sphingolipids d18 (Cer and SM) were analyzed with the same method as phospholipids, while
sphingoïds bases (sphinganine and sphingosine) were analyzed on a C8 column, and could be
quantified due to appropriate standards [52]. Interestingly, the total amount of sphingolipids was
increased by more than 40% in mutant cells and all of the four sphingolipids classes were enhanced
(Figure 2B). For ceramides, if a global tendency to be increased in IDH1 mutant cells has been
observed, significant changes have specifically been measured in N-(hexadecanoyl)-sphing-4-enine
(Cer(d18:1/16:0)) and N-(docosanoyl)-sphing-4-enine (Cer(d18:1/22:0)) amounts (details of molecular
species profiled for Cer are listed in Supplementary Figure S1B). Sphingomyelins are specific
components of the cell membranes as they can form lipid rafts [53] that are essential for membrane
protein dynamics and trafficking [51,54]. It is also well known that sphingolipids are key metabolites
in oncogenic transformations [55].

Free and esterified cholesterol, as well as triacylglycerides (TG), were analyzed by GC-FID.
The total amount of neutral lipids was unchanged between IDH1 WT and R132H cells, but the
distribution of the molecular species was different. Indeed, we observed a decrease in esterified
cholesterol in mutant cell counterbalanced by higher proportion of free cholesterol, while TG remained
stable (Figure 2C).

Finally, the total FAs were profiled. Esterified FAs of the total extract (i.e., glycerolipids) were
hydrolyzed in basic conditions and they were derivatized to be analyzed by GC-FID. A slight but
significant increase in total FAs was observed in IDH1 mutant cells (+8%), which was mainly due to
higher amounts of monounsaturated FAs (+17%). Polyunsaturated and saturated FAs remained stable
(Figure 2D).

As expected regarding proteomics experiments, quantitative lipidomics data confirmed that IDH1
mutation leads to a re-organization of lipid metabolism, especially sphingolipids, lysoPC, the balance
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between cholesterol and cholesterol esters, and total FAs. In order to better understand how IDH1
mutation could be involved in the accumulation of lipids, we decided to apply stable isotope labeling
experiments to identify pathways leading to total FA accumulation.
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Figure 2. Lipidomic analysis in HL60 AML IDH1 WT (blue dots) and IDH1 R132H cells (red dots)
(n = 4). (A) Phospholipids; (B) Sphingolipids; (C) Neutral lipids and percentages of each of its
constituents; and, (D) Total Fatty Acids.

2.3. Isotopic Measurements of FAs Revealed Enhanced Lipid Anabolic Fluxes in IDH1 Mutant AML Cells

Due to the size and structural diversity of lipids, methods that are based on stable isotopes
are not so common to investigate the metabolism of FAs, glycerophospholipids, or sphingolipids
species [Ecker, Progress in lipid research, 2014]. Current and main applications used labeled FAs
to track metabolism of longer chain FA [56,57]. Here, to investigate the relationship between IDH1
mutation and FA production (Figure 3A,B), we investigated whether the mutation modified the
conversion of the main nutrients that support cell proliferation, glucose, and glutamine, into FAs
(Figure 3C). The conversion was measured from 13C-labeling experiments in which the incorporation
of label into FAs from [U-13C]-labelled glucose or [U-13C]-labelled glutamine was measured by GC-MS.
This approach provides quantitative information on the contribution of each carbon source to lipid
biosynthesis [58] and further insight into specific pathways (e.g., reductive glutamine) by which the
nutrient is converted into FA.
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(C) 

Figure 3. Simplified schematic of carbon atom (circles) transitions and tracers used to detect labeled
fatty acids (FAs). (A) Isotopic label from [U-13C]glucose (red) to 2-HG and FAs synthesis through
PC (Pyruvate Carboxylase; pink) or PDH (Pyruvate DeHydrogenase; orange); (B) Isotopic label from
[U-13C]glutamine (blue) to 2-HG and FAs synthesis through classical TCA cycle (blue) or reductive
glutamine metabolism (green). (C) Experimental design of the isotopic measurement of FAs on WT
and IDH1 mutant cells.

Analysis of FAs is commonly performed by GC-MS after derivatization of the carboxyl group
of FAs with methyl ester (FAMEs) [38]. For FA quantification, the GC-MS is operated with electronic
ionization, a high-energy ionization method that results in extensive fragmentation of molecules, and
the molecular ion is too low to be detected [59]. This is detrimental for the purpose of isotopic profiling,
for which the extent of 13C-atoms incorporation in FAs is derived from the isotopic cluster of the
molecular ions. Hence, EI-GC-MS is not adapted to isotopic profiling of FAs. Indeed, our attempts to
profile labelled FAs by classical methylation and EI-GC-MS were not conclusive. As an alternative,
chemical ionization (CI) leads to much lower fragmentation, and thereby, better detection of (labeled)
molecular ions than EI, though being slightly less robust [60]. We used a method in which FAs were
derivatized with pentaflurobenzyl (PTF) and analysed by negative CI-GC-MS. Interestingly, the PTF
group (m/z = 181 g/mol) is lost in the ionization source so that the major peak is a clear fragment
corresponding to the molecular ion of the considered FA, providing high sensitivity. This major peak
was followed by single ion monitoring (SIM) for each FA (Supplementary Table S2).

IDH1 WT and R132H cells were grown in medium containing uniformly 13C-labeled glucose or
13C-labeled glutamine and dialyzed serum to avoid the dilution of label from traces of 12C-glucose or
12C-glutamine. To monitor incorporation of label into FAs, cells were sampled at different cultivation
time points (0, 6, and 24 h). At each time-point, five millions of cells were collected and their lipids
were extracted with a classical acidic extraction method adapted from the Bligh and Dyer protocol [46].
Extracted lipids were hydrolyzed with TFA (to hydrolyze esterified FFAs), derivatized with PTFBr
after hydrolysis for TFA, and analysed by CI-GC-MS. The GC-MS profiles showed eight different
FAs, with five of them (C14:0, C16:0, C16:1, C18:0, and C18:1) giving signals exploitable for isotopic
profiling. For these FAs, the intensity of each isotopologue (M0, M + 1, M + 2, . . . , M + n) in the isotopic
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cluster of the molecular ion was measured (Table S2), and the distribution of carbon isotopologues
(i.e., the fraction of molecules having incorporated 0, 1, 2, etc 13C atoms) was derived from these
intensities after correction for 13C natural abundance using the sofware IsoCor [61]. Then, the molecular
enrichment (average % of 13C-atoms in the molecule) was calculated (Figure 4).
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Figure 4. Isotopologues distribution (A) in C14:0; C16:0; C18:0; C16:1; and, C18:1 in HL60 IDH1 WT
(in blue) and R132H (in red) at 24 h following and (B) 13C enrichment at 0, 6, or 24 h cultures on
[U-13C]-glucose or [U-13C]-glutamine (n > 2).

For all conditions, we observed that the most abundant FA isotopologues contain an even number
of 13C atoms, with very low fractions of isotopologues containing an odd number of 13C atoms
(<0.03). These isotopic profiles are thus consistent with the known elongation mechanism of FAs
by successive incorporation of C2 blocks from the acetyl moiety of AcCoA. For all FAs, molecular
13C-enrichments were higher on 13C-glucose than on 13C-glutamine, indicating that acetyl-CoA is
mainly produced from glucose. From the enrichment data at 24h, it can be estimated that glucose
contributed to FA biosynthesis 4–7 times more than glutamine. This ratio was similar in both cells,
indicating no impact of IDH mutation on the contribution of the two carbon sources to FA biosynthesis.
Importantly, the dynamics of 13C-incorporation was significantly faster for all FAs in R132H mutant
cells as compared to WT cells. This was surprising since total FAs pools were increased in IDH1
R132H AML cells (Figure 2D), which was expected to result in lower relative label incorporation.
The faster labeling dynamics in IDH1 R132H AML cells therefore revealed a significant increase in
the rate of FA biosynthesis as compared to the WT cells, which resulted in an increased turnover
of intermediates despite higher pools. This enhanced lipid anabolism in mutant cells demonstrates
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that the upregulation of the protein machinery for FA biosynthesis observed in R132H cells actually
translates in terms of metabolic fluxes. While inferring absolute flux values from these data would
require mathematical models of FA biosynthesis, these results demonstrated the applicability of the
proposed workflow to infer flux information of lipid metabolism in mammalian cells.

2.4. Lipogenesis is Regulated by 2-HG Production in IDH1 Mutant Cells

As all of the experiments described above showed that lipid biosynthesis is enhanced in IDH1
R132H cells, it was important to establish a more direct link between lipogenesis, 2-HG and IDH1
mutation. Therefore, we pharmacologically manipulated the amount of 2-HG using IDH1 mutation
inhibitors AGI-5198 (the preclinical version of AG-120) and newly FDA approved AG-120 [62–64]
during 24 h and one week for IDH1 R132H culture and we observed that the decrease in IDH1
R132H protein abundance correlated with the reduction in Fatty Acid Synthase (FAS) protein amount
(Figure 5).

Figure 5. Fatty Acid Synthase (FAS) is linked to 2-HG production in IDH1 mutant cells. Lysates
of IDH1 R132H AML cells in basal and following AGI treatments were immunoblotted with the
indicated antibodies.

Mechanistically, several transcriptional factors, such as SREBP1/2, LXR, ChREBP, or CEBPα/β
regulate de novo lipogenesis and lipid metabolism in various cell types. Interestingly, Ricoult et al. [65]
have shown that, in two solid cancers, fibrosarcoma and colorectal carcinoma with IDH1 mutation,
genetic invalidation of SREBP1/2 reduced 2-HG production. Moreover, knockdown of SREBP1/2
decreased FASN protein levels, mainly in fibrosarcoma. The differences observed into the two cell lines
suggest that other transcription factors could regulate mutant IDH1 and lipogenesis depending on the
oncogenic context. Notably, we have previously showed that IDH1 mutation and its oncometabolite
(R)-2-HG induced an increase in CEBPα expression in epigenetic-dependent manner, and an activation
to prime these cells to myeloid differentiation [66]. It would be of particular interest to study
the regulation of lipid synthesis and IDH1 mutation by these different transcriptional factors in
AML and to address, whereas IDH1 mutant inhibitors reverse this regulation to determine potential
combinatory therapies.

Proteomic experiments on IDH1 mutant AML cells showed an upregulation of protein implicated
in cholesterol and sterol biosynthesis and proteins that are involved in fatty acids oxidation. These
modifications suggest a reprogramming in the pathways of lipid degradation and biosynthesis. It was
then really interesting to characterize the lipidome of these cells versus the wild type one. The lipidomic
approach used in this study showed an increase in phosphadidylinositol, ceramide, sphingosine
and sphinganine, free cholesterol, and monounsaturated fatty acid (MUFA) species amounts and a
decrease in cholesterol esters level in IDH1 mutant cells. In order to understand how IDH1 mutation
could be involved in the increase of MUFA, we applied a stable isotope labeling experiments using
13C labeling after growing the cancer cells on uniformly 13C-labeled glutamine or labeled glucose.
Dynamics of 13C-incorporation were clearly faster in IDH1 mutant cells. This enhanced lipid anabolism
demonstrates that the upregulation of the protein machinery for FA biosynthesis observed in IDH1
mutant AML cells actually translates in terms of metabolic fluxes. Further questions will need to be
investigated in order to evaluate the therapeutic possibilities of these findings. Is lipids’ dysregulation
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an Achilles’ heel of IDH1 mutant AML cells? Can we exploit it with specific inhibitors such as FASN
inhibitors like C75 or orlistat? Are the lipid fluxes reversed by IDH1 mutant inhibitors or could the
combination between lipolysis inhibitors and IDH1 mutant inhibitors lead to anti-leukemic effects?
Our study highlighted the importance of lipids reprogramming in IDH1 mutant AML cells and
paved the way for further studies that could lead to new therapeutic alternatives for this subgroup of
AML patients.

3. Materials and Methods

3.1. Chemicals and Reagents

Acetonitrile (ACN) was HPLC-grade and purchased from Acros Organics (Geel, Belgium).
Methanol HPLC-grade (MeOH), Dichloromethane (CH2Cl2), Ammonium Formate (>99%) (AF), Boron
trifluoride-methanol solution 14% (BF3-MeOH), Heptane, Ethyl acetate (EtOAc), potassium hydroxide
(KOH), pentafluorobenzyl bromide (PFB-Br), and diisopropylethylamine (DIPEA), iodoacetamide,
ammonium bicarbonate, trifluoroacetic acid, and trypsin was supplied by Sigma Aldrich Chemicals Co.
(Saint Quentin Fallavier, France), acetic acid (AA) from Honeywell Fluka. Ultrapure water (18.2 MΩ)
was obtained from a milliQ apparatus from Millipore (Guyancourt, France).

Internal synthetic standards of phospholipids (PL: PE 12:0/12:0, PC 13:0/13:0, PS 12:0/12:0),
Ceramides (Cer: Cer d18:1/15:0), sphingomyelins (SM: SM d18:1/12:0), and sphingosine (So: So
d17:1) and sphinganine (Sa: Sa d17:0) were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Synthetic internal standard PI 16:0/17:0 was supplied by J. Clark (Cambridge). Synthetic internal
standards for neutral lipid (LN: stigmasterol, cholesteryl heptadecanoate, glyceryl trinonadecanoate)
and for free FAs (FFA: heptadecanoate) and total FAs (TFA: glyceryl triheptadecanoate, glyceryl
trinonadecanoate) were purchased from Sigma Aldrich (St Quentin Fallavier, France).

3.2. Cell Culture

Clones from the HL60 cell line expressing either IDH1 WT (#2, #4) or IDH1 R132H (#5, #11) were
generated by our team [66]. These cell lines have been routinely tested for Mycoplasma contamination
in the laboratory. They were maintained in minimum essential medium-α (MEMα, 22561-021, Gibco
(Illkirch, France) supplemented with 10% FBS (Invitrogen, Villebon sur Yvette, France) in the presence
of 100 U/mL of penicillin and 100 μg/mL of streptomycin (1% P/S), and were incubated at 37 ◦C
with 5% CO2. The cultured cells were split every two to three days and maintained in an exponential
growth phase. For starvations and 13C culture experiments, a specific MEMα media was ordered
with the same formula than the one usually used in this paper (MEMα, 22561-021, Gibco), except that
glucose, glutamate, glutamine, and pyruvate were removed. The media was first supplemented with
1% P/S and 5% dialyzed FBS (F0392, Thermo, Illkirch, France). Then, the media was supplemented
with 5.6 mM 12C or 13C glucose, 1 mM 12C and 2 mM 12C or 13C glutamine.

3.3. Proteomics

3.3.1. Protein Preparation

Three million cells of two independent experiments of two IDH1 WT (#2, #4) and two IDH1
R132H (#5, #11) clones (n = 4) were lysed using Tris buffer 50 mM pH 7.4, NaCl 150 mM and Chaps 1%
during 15 min on ice. The lysates were then centrifuged 12,000 rpm, 15 min, 4 ◦C and the supernatants
were collected. Proteins were first reduced using Laemmli Buffer (40 mM DTT final) at 95 ◦C during
5 min, then alkylated with iodoacetamide 90 mM for 30 min at RT in the dark. Next, protein migration
was performed on 7.5% SDS PAGE and the gels were stained by Coomassie Blue. A unique band was
cut and washed several times in ACN 100%, ammonium bicarbonate 100 mM and dried in vacuo. Gel
pieces were rehydrated with 20 ngμL−1 trypsin prepared in ammonium bicarbonate 100 mM, and
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submitted to in gel-digestion overnight at 37 ◦C. Peptides were extracted and purified from gel and
then subjected to mass spectrometry analysis.

3.3.2. Analysis, Identification and Quantification of Proteins

Analysis of proteins was performed using a microLC system Ultimate 3000 (Dionex, Villebon
sur Yvette, France) coupled to a Triple-TOF 5600+ (AB Sciex, Les Ullis, France) in the positive ion
mode. Samples were first dissolved in 16 μL of buffer (5% ACN, 0.05% trifluoroacetic acid) and spiked
with iRT calibration mix (Biognosys, Schlieren, France). The totality of the samples was then injected
on a YMC-Pack Pro C18 column (3.0 mm × 150 mm; 3μm particle size) at a flow rate of 5μL.min−1.
The run length was over 90 min with a gradient from 7% to 45% buffer B (buffer A: 0.1% formic acid,
buffer B: 90% ACN, and 0.1% formic acid) in 70 min.

The MS data were acquired with a SWATH mode. The source parameters were set as follows: IS at
5500V, Cur gas at 25, GS1 at 5. The acquisition parameters were as follows: one 50 msec accumulation
time MS scan followed by 50 variable SWATH windows each at 40 msec accumulation time for
m/z 400–1235.

Identification was determined using an in-house SWATH library created from AML IDH1 WT
and mutant cells with MaxQuant software, Les Ulis, France) (FDR 1%). A mass accuracy of 20 ppm on
precursor ions was used, and 0.5 Da on the fragments. Cysteine carbamidomethylation, methionine
oxidation, proline hydroxylation and serine, threonine and tyrosine phosphorylations were taken into
account. Data treatment was done with Spectronaut Software 9.0, Les Ulis, France). First, relative
abundance was calculated for each peptide (background noise normalized to 1) and the mean of
the three most intense peptides for each protein were measured. Wilcoxon t-test was performed to
determine differences between the two groups.

3.3.3. Data Exploration and Mining

List of proteins (FC > 1.5 and FDR < 0.06) obtained throughout this study was uploaded in the
Genome Analyzer bioinformatics tool (Genomatix, Les Ulis, France) for further functional analyses
(GO term and small molecules) based on the Genomatix literature mining with a special interest in
metabolic-linked pathways. The significance of the association between each list and functions or
canonical pathways was measured by the Fisher’s exact test. As a result, a p-value was obtained,
determining the probability that the association between the genes in our dataset and a function or
canonical pathway can be explained by chance alone.

3.4. Lipidomic Analysis

3.4.1. Preparation of Total Lipid Extracts

Cell pellet (of one million cells) was extracted adapted from Bligh and Dyer (B&D) [46] in
CH2Cl2/MeOH with 2% AA/H2O (2.5: 2.5: 2, v/v/v), in the presence of the suitable internal standards.
For PL, Cer, and SM relative quantification: 16 ng of Cer (d18:1/15:0), 180 ng of PE (12:0/12:0), 16 ng
of PC (13:0/13:0), 16 ng of SM (d18:1/12:0), 30 ng of PI (16:0/17:0), and 156.25 ng of PS (12:0/12:0).
For sphingoid bases: 5 ng of So (d17:1) and 5 ng of Sa (d17:0). For neutral lipid: 4 μg of stigmasterol,
4 μg of cholesteryl heptadecanoate, 8 μg of glyceryl trinonadecanoate, and for total FA: 2 μg of
glyceryl triheptadecanoate.

3.4.2. Phospholipid and Sphingolipid Relative Quantification

The lipid extract was dried, dissolved in 50 μL of MeOH then stored at −20 ◦C prior to analysis.
Analysis were performed on an Agilent 1290 UPLC system coupled to a G6460 triple quadripole
spectrometer (Agilent Technologies, Les Ulis, France)) using a Kinetex HILIC column (Phenomenex,
Le Pecq, France), 50 × 4.6 mm, 2.6 μm). The column temperature was controlled at 40 ◦C. The mobile
phases A and B were ACN and 10 mM AF in H2O at pH 3.2, respectively. The gradient was as follows:
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from 10% to 30% B in 10 min; 10–12 min, 100% B; and, then back to 10% B at 13 min for 1 min. The flow
rate of mobile phase was 0.3 mL/min and the injection volume was 5 μL. Electrospray ionization (ESI)
was employed at 325 ◦C in positive (for Cer, PE, PC, and SM analysis) and negative ion mode (for PI
and PS analysis). The collision gas was nitrogen. Needle voltage was set at +4000 V. SRM transitions
were used for relative quantification with a precursor ion scan of 184 m/z, 241 m/z, and 264 m/z
to PC/SM, PI, and Cer, respectively; and, a neutral loss scan of 141 m/z and 87 m/z to PE and PS,
respectively. In each family, individual molecular species were scanned with suitable SRM scan mode,
the area of each peak were measured via Mass Hunter software. The relative quantitative calculations
were based on the peak area ratios relative to the internal standards [37].

3.4.3. Sphingoid Bases

The lipid extract was dried and dissolved in 50 μL of MeOH then stored at −20 ◦C prior to
analysis. Analysis were performed on an Agilent 1290 UPLC system coupled to a G6460 triple
quadripole spectrometer (Agilent Technologies, Les Ulis, France) an Acquity UPLC BEH-C8 (Waters,
Issy les Moulineaux, France), 100 × 2.1 mm, 1.7 μm) maintained at 35 ◦C. The mobile phases A and B
were H2O, FA (99.9:0.1; v/v), and ACN, FA (99.9:0.1, v/v), respectively. The gradient was as follows:
50% B at 0 min, 60% B at 2 min, 60% B at 3 min, 100% B at 4 min, 100% B at 8.5 min, and 50% B at 9 min.
The flow rate of mobile phase was 0.3 mL/min and the injection volume was 5 μL. ESI was performed
in positive ion mode at 300 ◦C. The collision gas was nitrogen. Needle voltage was set at + 4000 V.
SRM transitions in neutral loss scan were used. For quantitative analysis, calibration samples (500 to
0.976 ng) were prepared with commercial sphingolipid standards. All of the quantitative calculations
were based on the peak area ratios relative to the internal standards [adapted from Sikora [52].

3.4.4. Neutral Lipid Relative Quantification

The lipid extract was dried, dissolved in 30 μL of EtOAc, and then stored at −20 ◦C prior to
analysis. 1 μL of the lipid extract was analyzed by gas chromatography on a FOCUS Thermo Electron
system using a Zebron-1 fused silica capillary column (Phenomenex, 5 m × 0.32 mm, 0.50 μm film
thickness). Oven temperature was programmed from 200 ◦C to 350 ◦C at a rate of 5 ◦C/min and the
carrier gas was hydrogen (0.5 bar). The injector and the detector temperatures were at 315 ◦C and
345 ◦C, respectively. All of the quantitative calculations were based on the chromatographic peak area
relative to the internal standards [39].

3.4.5. Total FA Profiling

The lipid extract was hydrolysed in KOH (0.5 M in MeOH) at 50 ◦C for 30 min, and
transmethylated in 1 mL of BF3-MeOH and 1 mL of heptane at 80 ◦C for 1h. After the addition of 1 mL
H2O to the crude, FAs methyl esters (FAMEs) extract was extracted with 3 mL of heptane, dried, and
dissolved in 20 μL of EtOAc. 1 μL of FAMEs extract was analyzed by gas chromatography (GC)
on a Clarus 600 Perkin Elmer system using a Famewax RESTEK fused silica capillary column
(30 m × 0.32 mm, 0.25 μm film thickness). Oven temperature was programmed from 110 ◦C to 220 ◦C
at a rate of 2 ◦C/min and the carrier gas was hydrogen (0.5 bar). The injector and the detector
temperatures were at 225 ◦C and 245 ◦C, respectively. All of the quantitative calculations were based
on the chromatographic peak area relative to the internal standards [38].

3.5. FA Isotopic Labeling Profiling

3.5.1. Sample Preparation

Cell pellet (5 M) was extracted like previously in the presence of the internal standards: glyceryl
trinonadecanoate (0.2 μg) for TFA and heptadecanoate (0.2 μg) for FFA. The equivalent of 4 M of
cell was collected for the direct derivatization of FFA. Concerning TFA, the equivalent of 1 M of cells
was hydrolysed in KOH (0.5 M in MeOH) at 50 ◦C for 30 min. Free and total FA were derivatized in
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pentafluorobenzyl esters with 1% PFB-Br and 1% DIPEA in ACN (50 μL), at RT for 20 min. Samples
were dried and dissolved in EtOAc (10 μL).

3.5.2. GC-MS Analysis

Labelled total FA analysis were performed on a Thermo Fisher Trace GC system that was
connected to a ThermoFisher TSQ8000 (Les Ulis, France)) triple quadrupole detector using a HP-5
MS capillary column (30 m × 0.25 mm, 0.25 μm film thickness). Oven temperature was programmed,
as follows: 150 ◦C for 1 min, 8 ◦C/min to 350 ◦C, then the temperature is kept constant for 2 min.
The carrier gas was helium (0.8 mL/min). The injector, the transfer line, and the ion source temperature
were at 250 ◦C, 330 ◦C, and 300 ◦C, respectively. The TSQ8000 was operated in negative ionization
mode (Methane at 1 mL/min) in selected ion monitoring (SIM) mode and 1 μL of sample was injected
in splitless mode.

3.5.3. Data Processing

GC-MS analysis produced a mass spectrum for each FA, which contains the abundance of
each isotopologue. For each FA, the lightest (unlabeled) isotopologue is denoted M + 0; e.g.,
PFB-palmitate M + 0 has a mass of 255.3, whereas the isotopologue with 1 atom [13C] PFB-palmitate
(M + 1) has a mass of 256.3, etc., (Supplementary Table S1). Isotopic clusters were obtained by
integrating gas chromatographic signals for each isotopologue. Isotopologue distributions were
obtained from the corresponding isotopic clusters after correction for natural abundance of carbon and
non-tracer elements (oxygen and hydrogen) using the software IsoCor, and purity of the tracer was
corrected assuming 99% 13C-purity. Finally, the 13C-enrichment, which represents the mean content
in tracer atoms (13C) within the molecule, was calculated from the corresponding IDs, as detailed in
Millard et al. [61].

3.6. Immunoblotting of Total Proteins

For immunoblot assay, cells were first subjected to lysis in NuPAGE LDS Sample Buffer. Total
proteins content from every samples was measure using Pierce BCA Protein Assay Kit according
to the manufacturer’s recommendations. Samples lysates were then loaded onto NuPAGE 4–12%
Bis-Tris Protein Gels (10, 12, or 15 wells). After electrophoresis, proteins were transferred to
nitrocellulose membranes. The transblotted membranes were blocked for 1 h and then probed with
appropriate primary antibodies (dilution as recommended by manufacturers) overnight at 4 ◦C. Next,
the membranes were washed three times for a total of 30 min and then incubated with secondary
antibodies at room temperature for 1 hr. After another three washes, proteins were detected using
SuperSignal West Pico PLUS chemiluminescent Substrate, PXi imager (Syngene), and GeneSys software
(Syngene, Paris, France), according to the manufacturer’s manual. Proteins expression were quantified
using GeneTool software (Syngene) and normalized to their corresponding loading control. Antibodies
for immunoblotting were purchased from the following sources: FASN (#3180S) from Cell Signaling
Technology; Actin (MAB1501) from Millipore; IDH1 R132H (DIA-H09) from Dianova. HRP conjugate
anti-rabbit (W4011) and anti-mouse (W4021) secondary antibodies were purchased from Promega
(Charbonnières les Bains, France).

3.7. ChIP Assays

To perform chip assays briefly, 107 cells were cross-linked in 1% formaldehyde/1%
paraformaldehyde for 5 min, followed by addition of 125 mM Glycine to stop the reaction. Cells were
then washed in PBS, resuspended in lysis buffer (10 mM Tris pH 8, 140 mM NaCl, 0.5 mM EGTA, 0.1%
SDS, 0.5% Triton X-100, 0.05% NaDoc and protease inhibitors) and chromatin was shared by sonication.
qChIPs were carried out by incubating cell lysates (Input) with 20 μL of protein G-Dynabeads and 5 ug
of antibody. The same amount of rabbit IgGs (Santa Cruz, Boulogne Billancourt, France) was used
for control ChIP experiments. After O/N incubation, washing, reverse cross-linking, and treatment
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with both RNase A and Proteinase K, proteins were removed with phenol/chloroform extraction and
DNA was recovered using the NucleoSpin Extract II kit. Input and immunoprecipitated DNA were
then analyzed by QPCR using the SYBR Green Master mix on a LightCycler 480 SW 1.5 apparatus
(Roche, Boulogne Billancourt, France). Results are represented as the mean value of at least three
independent experiments of immunoprecipitated chromatin (calculated as a percentage of the input)
with the indicated antibodies after normalization by a control ChIP performed with rabbit IgGs.

3.8. Statistical Analysis

Statistical analyses were conducted using Prism software v6.0 (GraphPad Software, La Jolla,
CA, USA). Statistical significance was determined by the two-tailed unpaired Student’s t-test.
A p-value < 0.05 was considered to be statistically significant. The statistical parameters (i.e.,
exact value of n, p-values) have been noted in the figures and figure legends. Unless otherwise
indicated, all data represent the mean ± standard error of the mean (SEM) from at least three
independent experiments.

4. Conclusions

The combination of proteomics, lipidomics, and isotopic profiling experiments allowed us to
uncover a profound reprogramming of lipid metabolism in IDH1 mutant AML cells through a
simultaneous increase of both FA oxidation and de novo lipogenesis. This reprogramming is—at least
partly- dependent on 2-HG production, which controls FAS expression. Integration of all of these
omics data in an AML metabolic network could allow fluxes calculations to gain even more insight
into the metabolic regulation of IDH WT and R132H cells.
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Abbreviations

AA Acetic acid
ACN Acetonitrile HPLC-grade
AML Accute Myeloide Leukemia
AraC Cytarabine
AU Arbitrary Unit
B&D Bligh and Dyer
BF3-MeOH Boron trifluoride-methanol solution 14%
Cer Ceramides
CH2Cl2 Dichloromethane HPLC-grade
ESI Electrospray ionization
FA Fatty acids

167



Int. J. Mol. Sci. 2018, 19, 3325

FAMEs Fatty acid methyl esters
FAO Fatty acids oxidation
FID Flame Ionization Detector
GC Gas chromatography
GO Gene Ontology
H2O Ultrapure water
HPLC High performance liquid chromatography
IDH Isocitrate dehydrogenase
2-HG 2-hydroxyglatarate
KOH Acetic acid potassium hydroxide
LC-MS/MS Liquid chromatography coupled to detector MS/MS
LOD Limit of detection
LOQ Limit of quantification
m/z Mass-to-charge ratio
MeOH Methanol HPLC-grade
MS Mass spectrometry
PC Phosphatidylcholine
PE Phosphatidylethanolamine
PI Phosphatidylinositol
PL Glycerophospholipids
PS Phosphatidylserine
PTFB-Br Pentafluorobenzyl-bromide
PUFAs Polyunsaturated fatty acids
RLCs Resistant leukemic cells
S/N Signal to noise ratio
Sa Sphinganine
SIM Selected ion monitoring
SM Sphingomyelins
So Sphingosine
SRM Selected-reaction monitoring
MRM Multiple-reaction monitoring
MS Mass SPectrometry
UPLC Ultra performance liquid chromatography
WT Wild Type
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Abstract: In spite of therapeutic improvements in the treatment of different hematologic malignancies,
the prognosis of acute myeloid leukemia (AML) treated solely with conventional induction and
consolidation chemotherapy remains poor, especially in association with high risk chromosomal
or molecular aberrations. Recent discoveries describe the complex interaction of immune effector
cells, as well as the role of the bone marrow microenvironment in the development, maintenance
and progression of AML. Lipids, and in particular omega-3 as well as omega-6 polyunsaturated
fatty acids (PUFAs) have been shown to play a vital role as signaling molecules of immune processes
in numerous benign and malignant conditions. While the majority of research in cancer has been
focused on the role of lipid mediators in solid tumors, some data are showing their involvement also
in hematologic malignancies. There is a considerable amount of evidence that AML cells are targetable
by innate and adaptive immune mechanisms, paving the way for immune therapy approaches in
AML. In this article we review the current data showing the lipid mediator and lipidome patterns in
AML and their potential links to immune mechanisms.

Keywords: AML; immune therapy; PGE2; omega-3; omega-6; lipidomics

1. Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a complex and biological heterogenous disease. Different
mutations lead to alterations in the differentiation of hematopoietic stem cells and are responsible for
the accumulation of immature leukemic blast cells in the bone marrow and peripheral blood. AML
accounts for approximately 20% of all deaths due to hematologic malignancies, while only comprising
12% of all new cases [1].

The relapse rate after conventional induction chemotherapy is high, particularly in association
with adverse chromosomal or molecular aberrations. Therapeutic advances in AML in recent years are
mainly attributed to progress in hematopoietic stem cell transplantation techniques and advances in
supportive care.

Increasing evidence suggests that AML as well as other malignancies are sustained by a minor
subpopulation with self-renewal potential, referred to as “leukemic stem cells” (LSC) [2], which have
been shown to be more quiescent than the bulk of leukemic cells [3]. Current treatments utilizing
cytotoxic agents aimed at proliferation might therefore not target LSCs adequately, which in turn can
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survive treatment and ultimately lead to relapse. Gene expression analyses have shown that LSCs
have a similar gene expression profile compared to hematopoietic stem cells (HSC) [2] and that a
stem cell rich expression signature in AML blasts correlates with worse prognosis [4]. The knowledge
concerning biology and pathophysiology of LSCs has drastically improved over the past decades [5].
It has become especially clear that the microenvironment surrounding tumor cells plays a vital role
in carcinogenesis, and growing evidence suggests that it also plays a central role in how tumor cells
interact with the immune system [6].

The concept of the elimination of minimal residual disease by immunotherapy has shown to
be successful—as a proof of principle—in allogeneic hematopoietic stem cell transplantation for
postremission therapy, leading to long lasting remissions in a significant proportion of AML cases.

For patients ineligible for transplantation, alternative therapeutic strategies are mandatory.
Immunotherapeutic approaches for clearing of evading AML cells from the stem cell niche involve
different monoclonal antibodies including check point inhibitors, adoptive transfer of NK and T cells,
T-cell engineering, systemic cytokine administration, and vaccinations with different approaches such
as peptides, modified leukemic cells, and dendritic cells [7–10].

In this context, there has been increased interest in research aimed at lipid mediators such as
prostaglandins, as well as other lipid species and their associated regulatory networks, as these can
be critical components affecting tumor cell biology, tumor microenvironment, and thus immune
mechanisms affecting AML biology as well as response to treatment approaches.

In the following sections we aim to highlight aspects in the field of lipid and lipid mediator biology.
In this context immune mechanisms affected will be addressed in order to explore potential links to
immunotherapy in the context of hematologic malignancies in general and in AML in particular.

2. Lipids and Fatty Acids in Hematologic Malignancies

As reviewed before, lipid species and the lipidome are highly abundant and essential components of
human cells and tissues [11]. Many of these lipid species (e.g., eicosanoids, sphingolipids, glycerolipids)
were shown to be changed in the context of tumor disease and might serve as markers as well as
targets for new treatment approaches in malignant disorders. Particularly in the context of the
tumor surrounding microenvironment lipid species could be important—and modifiable—targets in
oncology [12].

Beside an increased de novo synthesis of fatty acids that is required for membrane synthesis
and therefore for cell growth and proliferation, AML cells might have an increased lipid catabolism.
Fatty acid oxidation (FAO) has been recognized as a relevant component of the metabolic switch in
cancer cells where FAO is used for ATP production in conditions of metabolic stress [13]. Indeed,
recent in vitro studies have shown that distinct genetic changes in AML are associated with enhanced
dynamics and metabolism of lipid species in AML cells [14].

Data from the late 1970s found altered lipid compositions of AML cells with a decreased total
cholesterol and cholesterol-to-phospholipid ratio, and an increased percentage of unsaturated fatty
acids when compared to normal mature neutrophils, but these patterns might be shared by normal
immature myeloid cells [15].

Recent studies also demonstrated wide-ranging changes in the plasma [16] as well as bone
marrow [17] lipidome in patients with AML. Total plasma fatty acids were found to be depressed
in plasma from AML patients, with the attenuation of plasma phosphocholines, triglycerides, and
cholesterol esters [16]. However, free fatty acids such as arachidonic acid (AA) 20:4 n-6 and the
corresponding precursors gamma-linolenic acid 18:3 n-6 and 8,11,14-eicosatrienoic acid 20:3 n-6 were
increased, while many prostaglandins such as PGE2 and 15-keto-PGF2α were reduced in these plasma
analyses. Interestingly, AA as well as gamma-linolenic acid 18:3 n-6 and 8,11,14-eicosatrienoic acid 20:3
n-6 tended to be increased slightly more in patients with higher blast counts [16]. While only observed
in plasma, and in a very heterogeneous patient population, these observations might indicate a role for
AA in the malignant phenotype of AML.

174



Int. J. Mol. Sci. 2019, 20, 2425

3. Omega-6 and Omega-3-Polyunsaturated Fatty Acids and Their Derived Lipid Mediators in
Inflammation

Of particular importance with regard to immune processes are lipid mediators derived from
long-chain polyunsaturated fatty acids (PUFA) and in particular arachidonic acid (AA). The PUFA
are grouped according to the position of the first double bound, counting from the first methyl-, or
“omega”-group. Two groups of PUFAs are important for human physiology: omega-6-PUFA and
omega-3-PUFA. They are termed essential, since mammals cannot synthesize them and they have to be
ingested with the diet in sufficient amounts.

Concerning omega-6-PUFAs, arachidonic acid (AA) and linoleic acid (LA) are the main components.
Most mammals can synthesize AA from LA through enzymatic conversion by desaturases. The most
important omega-3-PUFAs are α-linolenic acid (ALA) 18:3n-3, eicosapentaenoic acid (EPA) 20:5 n-3
and docosahexaenoic acid (DHA) 22:6 n-3.

From these PUFA numerous potent lipid mediators are formed (Figure 1). Especially those lipid
mediators derived from the omega-6-PUFA arachidonic acid (AA) have been studied intensively. AA
is cleaved from its site within phospholipids in the cellular membrane by phospholipase C and A2.
Then, AA is further metabolized by two main groups of enzymes: the cyclooxygenases (COX-1 and
COX-2) and the lipoxygenases (LOX-5, LOX-12, LOX-15) [18].

Figure 1. Lipid mediators formed from arachidonic acid (A) or eicosapentaenoic acid and
docosahexaenoic acid (B). COX-1/2: Cyclooxygenase-1/2, 5-LOX: 5-Lipoxygenase, 15-LOX:
15-Lipoxygenase, 12-LOX: 12-Lipoxygenase, ASA: acetylsalicylic acid, PG: prostaglandin, LT:
Leukotriene, Rv: Resolvin, HpETE: hydroperoxyeicosatetraenoic acid, HETE: hydroxyeicosatetraenoic
acid, H(p)EPE: hydro(pero)xyeicosapentaenoic acid, H(p)DHA: hydro(pero)xydocosahexaenoic acid.

The most important enzymes in this pathway are the cyclooxygenases (COX) or prostaglandin
endoperoxide H synthases. Two isoforms were identified in the late 1980s and early 1990s. The two
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cyclooxygenases, COX-1 and COX-2, though derived from different genes of different size, are highly
homologous in sequence and three-dimensional structure [19]. They are capable of converting
arachidonic acid into prostaglandin (H2), which then is transformed further into prostaglandin E2
(PGE2), amongst others.

PGE2 is the most abundant eicosanoid and has been shown to be a crucial mediator of inflammation,
fever, cancer and numerous other physiological systems [20–22]. Elevated PGE2 concentrations can be
detected in inflamed tissue and the injection of PGE2 causes inflammation [23]. Another lipid mediator
derived from AA is thromboxane A2 (TXA2), which is important for platelet function. The effects
of PGE2 are mediated through four membrane-bound G-protein coupled receptors—EP1, EP2, EP3,
and EP4 [24]. EP1 induces intracellular calcium level variation [25]. EP2 as well as EP4 stimulate
cAMP production, which leads to gene regulation. In contrast, EP3 is coupled to Gi and inhibits
cAMP production [24]. These receptors differ slightly in their binding characteristics for PGE2 (and
to some extent other prostaglandins), as well as their signaling mechanisms, further contributing
to a differential biological response due to PGE2 [26,27]. Local amounts of PGE2 are controlled
by 15-hydroxyprostaglandin dehydrogenase (15-PGDH) mediated degradation. Overexpression of
15-PGDH can protect from carcinogenesis [28,29] while downregulation of this enzyme can contribute
to tumor progression [30,31].

Further groups of lipid mediators derived from AA are the leukotrienes and lipoxins. These
are formed by the lipoxygenases. Leukotrienes have pro-inflammatory properties and contribute
mainly to allergic reactions, but also play a role in infections and carcinogenesis [18]. Lipoxins are
mediators with anti-inflammatory properties [32,33]. Interestingly, it could be shown that under the
influence of acetylsalicylic acid (ASA) also the COX enzymes can synthesize potent lipoxins, the so
called Aspirin-triggered-lipoxins (ATLs) [32,34].

Omega-3-PUFAs were first postulated to act as anti-inflammatory compounds through the
competitive inhibition of PGE2 formation and to a certain degree, EPA and DHA do inhibit
the formation of AA derived lipid mediators [35]. Studies have shown increased formation of
omega-3-PUFA derived prostaglandins (i.e., PGE3) and decreased formation of AA derived mediators
(i.e., PGE2) caused by increased intake of dietary omega-3 PUFA [35,36]. Mechanistically, eicosanoids
derived from omega-3-PUFA seem to have a lower biological effect than their omega-6-PUFA derived
counterparts [37,38]. However, there is also evidence for some distinct functionality, since PGE3 could
be shown to have an inhibitory effect on tumor cell growth in vitro [39]. The same is true for the
leukotrienes derived from omega-3-PUFA. For example, for leukotriene B5, which is formed through
enzymatic conversion by 5-lipoxygenase. Asthmatic subjects receiving omega-3 supplements showed
decreased formation of leukotriene B4 (omega-6-PUFA) and increased formation of leukotriene B5
while displaying improved pulmonary function compared to the control group [40].

In addition to these prostaglandin and leukotriene mediators further omega-3-PUFA derived lipid
mediators also play important roles in the course of inflammation. Through enzymatic conversion by
lipoxygenases, COX enzymes or cytochrome P450 enzymes, the omega-3-PUFAs DHA and EPA can
be converted into potent anti-inflammatory oxylipin mediators [41–43]. Particularly the Specialized
Proresolving Mediators (SPM) derived from omega-3 PUFA, the resolvins, maresins and protectins
were characterized in detail since their initial discovery in 2000 [44] and were found to widely regulate
immune cell function [33].

Beside the receptors on the cell membrane like EP1-3, transcription factors from cytoplasm and
nucleus play an important role in the signaling of inflammatory process and their key mediators.
The Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors
belonging to the nuclear receptor family. Their three subtypes, PPARα, PPARβ/δ, and PPARγ have
different expression levels in various tissues, biological activity and ligand affinity [45,46]. PPARs are
important players in the lipid signaling network between the cell surface and the nucleus. Fatty acids
and eicosanoids which also signal through membrane receptors are natural PPAR ligands. For example,
PPAR-α is activated by different compounds including arachidonic acid metabolites (LTB4), fibrates
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and eicosanoids or prostaglandin J2 (15d- PGJ2) is a ligand of PPAR-γ. The activation of PPAR was
shown to inhibit the transcription of inflammatory response genes (such as IL-2, IL-6, IL-8, TNF-α) by
negatively interfering with the NF-κB, STAT and AP-1 signaling pathways [47]. It is suggested that
PPARγ as a transcription factor and its ligands contribute in regulation of a variety of factors related
to tumorigenicity [48]. PPARγ could be a target for AML treatment, several ligands with potential
anti-leukemic effects have been identified [49].

The nuclear factor NF-κB is part of this lipid signaling network. NF-κB influences, as a
rapid-acting transcription factor, many processes including immune response and inflammation.
Five different proteins (IkBs) inhibit NF-κB in unstimulated cells. NF-κB Proteins are activated through
phosphorylation of IkB proteins by the ikB kinase complex, the result is the translocation of NF-κB to
the nucleolus. Via TNF- and IL-receptors on the cell surface, proinflammatory cytokines like TNF-α
and IL6 activate NF-κB and Stat-3 System. NF-κB itself induces the transcription of TNF-α and with
the expression of COX-2 the release of PGE2 [50].

The involvement of TNF-α/NF-κB and IL6/Stat3 pathways in tumorigenesis have been confirmed
in a series of mouse models of GI malignancy focusing on inflammatory network of the tumor
microenvironment [51,52].

4. Inflammatory Mediators, Immune Function, and Tumor Progression

In the tumor microenvironment, a variety of inflammatory mediators, such as cytokines (IL-6, IL-10,
VEGF, TNFα, and TGFβ), chemokines (CCL20 and CXCL8) as well as lipid mediators (such as PGE2) are
continuously produced [53]. These mediators are postulated to form a critical interface between immune
and neoplastic compartments. Not only do they continuously support tumor survival and expansion,
but suppress the function of immune cells, notably, dendritic cells (DCs)—the powerful antigen
presenting cells that are crucial for induction of tumor-specific immune responses [53]. In a study from
Sombroek et al. examining the supernatants of primary tumor cells (colon, breast, renal cell carcinoma,
and melanoma), negative impact on DC development by the factors contained in the supernatants
could be demonstrated. Among the factors for which hampering of the differentiation of DCs is known
(IL-10, TGF-β1, VEGF, IL-6, M-CSF, and PGE2), only PGE2 was present in such concentrations in the
tumor supernatants to show inhibitory effects on the acquisition of DC morphology [54]. Paradoxically,
PGE2 also enhances the maturation, migration, and antigen-presenting capacity of DCs. In an effort to
explain these seemingly contradictory effects a recent study by Shimabukuro-Vornhagen et al. suggests
that whether PGE2-treatment results in inhibition or stimulation of T-cells is dependent on the DC
to T-cell ratio during their interaction, showing an inhibitory effect at high DC to T-cell ratios [55].
The authors go on to speculate that this mechanism could serve as a counter-regulatory response in the
context of physiologic immune response: Further T-cell activation then would be limited once a large
number of mature DCs have accumulated [55].

However, other cell types actively contribute to the immunosuppressive environment within
tumors. Myeloid-derived suppressor cells (MDSC) have been found in various cancers. MDSC consist
of immature myeloid cells and display a diversity of phenotypes, whereby factors contained in the
tumor microenvironment seem to have a major effect on their phenotype and function [56]. They are
capable of suppressing adaptive and innate anti-tumor immune responses [57]. PGE2 has emerged as
a key molecule in MDSC biology [58]. It not only induces the formation of MDSC (through the EP2
receptor) [59], but also promotes MDSC recruitment to the tumor microenvironment and stabilizes the
MDSC phenotype [58].

It has been shown recently that the COX2/PGE2 pathway is involved in the regulation of immune
checkpoints by influencing the programmed cell death ligand 1 (PD-L1) expression in tumor-infiltrating
bone marrow derived myeloid cells, primarily MDSC and macrophages, and that the inhibition of
PGE2 formation is able to attenuate the tumor induced PD-L1 expression [60].

Aside from MDSC, regulatory T-cells or Tregs play a role in tumor immune escape. These cells
infiltrate the tumor microenvironment and dampen anti-tumor immune responses by inhibiting effector
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T-cell function [61]. Though the specific mechanisms are yet to be elucidated. Further, Tregs seem to
suppress T-cell activity in a PGE2-dependent manner, which can be reversed by COX-2 inhibitors or
EP-receptor antagonists [62]. Beside the mediation of suppressive functions COX-2 derived PGE2 from
DCs enhances the generation of Tregs and their expansion [63,64]. In peripheral blood of AML patients
the frequency of Tregs is significantly higher in comparison to healthy individuals [65].

Data from a murine AML model show that PD-1 signaling and regulatory T-cells collaborate to
resist the function of cytotoxic T lymphocytes in advanced AML [66].

One report investigated the role of COX-2 inhibition on indoleamine 2,3-dioxygenase 1 (IDO1)
mediated immune dysfunction in AML [67]. IDO1 has been shown to contribute to activation of
Tregs, which in turn hamper anti-cancer immunity. In the report by Iachininoto et al., the authors
were able to show in vitro that inhibition of the COX-2/PGE2 pathway reduced the expression of
IDO1 and inhibits the formation of Tregs [67]. These data, together with the observation that those
AML-patients presenting with a high frequency of Tregs at diagnosis were shown to have worse
responses to induction chemotherapy, have potential implications to optimize immunotherapeutic
approaches [68]. PGE2 thus has a central role in the modulation of immune function as is summarized
in Figure 2.

Figure 2. Effect of PGE2 on anti-cancer T cell activity. PGE2 has a differential impact on T cell
activity, showing stimulatory effects at low DC/T cell ratios, but suppressive effects as DC numbers
increase. PGE2 increases activation of Tregs and is involved in MDSC formation, which in turn
hampers anti-cancer immunity. MDSC: myeloid derived suppressor cell; Treg: regulatory T cell; DC:
dendritic cell.

Another approach to modify immunotherapeutic approaches could be based on omega-3
PUFA-derived SPM, which have recently been shown to decrease tumor debris-associated
inflammation in an experimental model of tumor debris-stimulated tumor cell proliferation and
macrophage-associated inflammation. Compounds such as resolvin D1 (RvD1), RvD2, and RvE1
were able to increase macrophage phagocytosis of tumor cell debris and to decrease the release of
cytokines/chemokines from human macrophages stimulated with cell debris [69].
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5. PUFA-Derived Lipid Mediators in Benign Hematopoiesis

Aside from the presence and effects in terminally differentiated blood cells, the expression and
the function of COX isoenzymes and lipid mediators formed by these enzymes in hematopoietic
progenitors and precursors remain subject of investigation [70]. Studies in the last decade have provided
some insights into the role of the eicosanoid PGE2 in hematopoietic regulation [20]. In particular
the stable PGE2-derivative 16,16-dimethyl-PGE2 (dmPGE2) was shown to increase the frequency of
long-term repopulating hematopoietic stem cells (HSCs) in irradiated murine bone marrow [71]. This
effect was further enhanced by combining dmPGE2 treatment with DPP-4 inhibition using sitagliptin
in a mouse model [72].

Furthermore, HSCs pulsed with PGE2 were shown to display a higher (short term) competitiveness,
as determined by a head-to-head comparison in a murine competitive transplantation model [20,21,73].
In the context of HSCT, trafficking of HSCs from the peripheral blood to bone marrow niches in the
recipient patient, i.e., HSC homing, has been shown to increase under the influence of PGE2 [20].

Improving engraftment is especially relevant in the context of umbilical cord blood (UCB)
transplantation. UCB transplantations offer some advantages over other sources of HSC, such as lower
immune-matching requirements and to some degree a higher availability as UCB is cryopreserved [74].
However, the main pitfall of UCB transplantation is less efficient engraftment than in HSCT from other
sources. Utilizing dmPGE2-treatment, Cutler et al. could show promising results in a phase I study
by ex vivo-pulsing of UCB with dmPGE2 [75]. Furthermore, also inhibition of 15-PGDH, and thus
increase of local PGE2 concentration can contribute to bone marrow transplant recovery [76].

Within the bone marrow, PGE2 is secreted by osteoblasts in large amounts, and given their close
physical proximity to HSCs in the bone marrow niche, PGE2 is available to HSCs for the paracrine
regulation of stem and progenitor function [20].

Historically, however, there has been conflicting data on whether PGE2 stimulates or inhibits the
growth of hematopoietic progenitor cells. Older studies demonstrated an inhibitory effect of PGE2 on
mouse and human myeloid progenitor cells in vitro [77,78]. Further studies revealed that dose, timing,
and duration of PGE2-exposure are critical for positive or negative effects on proliferation. Since PGE2
is also produced by the hematopoietic cells themselves, it is therefore postulated that PGE2 might act
as a feedback regulator of myelopoiesis [20]. Together, these data suggest that in benign hematopoiesis,
PGE2 plays a central role in the HSC niche (Figure 3).

In addition to these data, recent studies in zebrafish and mice have identified the arachidonic-acid
derived cytochrome P 450 metabolite 11,12-eipoxyeicosatrienoic acid (11,12-EET) as potent factor to
increase embryonic hematopoiesis and adult marrow engraftment [79,80].
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Figure 3. Lipid mediators in benign and malignant hematopoiesis. In benign hematopoiesis, PGE2 is
secreted in large amounts in the osetoblastic niche and increases stem cell homing, and long-term LSC
numbers. The role of lipoxins is still not fully understood, however lipoxins are required for stem cell
quiescence and long-term renewal. In AML, LSC are considered to be chemoresistant and responsible
for disease relapse. Self-renewal and maintenance of LSC in the bone marrow niche are increasingly
better understood and growing data show alterations of lipid pathway enzymes suggesting eicosanoid
pathways are active in leukemic blasts. HSC: hematopoietic stem cell, LSC: Leukemic stem cell; CAR
cell: CXCL12-abundant reticular cell; PGE2: Prostaglandin E2; EP2: Prostaglandin E receptor 2; EP3:
Prostaglandin E receptor 3; PLA2: Phospholipase A2.

6. PUFA-Derived Lipid Mediators in Malignant Hematopoiesis

While omega-3 PUFA have been widely implicated in anti-tumor effects in a variety of solid tumors,
albeit with mixed results [81], data in hematological malignancies are sparse. In a review published
by Betiati et al., a Scopus and PubMed database search between 1998 and 2012 returned 6 studies
published on the subject of the effect of omega-3-PUFAs on hematological malignancies [82]. Since then,
only few publications regarding effects of omega-3 PUFAs in hematological malignancies have been
published. There is some evidence showing a lower incidence of non-Hodgkin lymphomas (NHLs) in
patients on a diet high in omega-3-PUFAs [83]. Another study established higher omega-3-PUFAs in
NHL patients in remission as compared to those with active disease [84] and recent data implicate low
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plasma omega-3-PUFAs as marker of inferior prognosis in diffuse large B-cell lymphoma [85]. However,
no reduced risk with higher omega-3 PUFAs for lymphoid and myeloid leukemia could be detected
so far [86]. In the context of ALL omega-3-PUFAs were shown to be able to lower treatment-related
hypertriglyceridemia [87]. Noteworthy is a small recent study with a total of 22 leukemia or lymphoma
patients in which a prolonged overall survival time of patients receiving fish oil (2g/d) was shown. These
observations might indicate that EPA and DHA improve the response to treatment with conventional
chemotherapy in hematological malignancies [88]. In vitro data show an inhibition of cell growth in
AML cell lines by EPA and DHA [89,90]. In the erythrocytes of multiple myeloma (MM) patients,
Jurczyszyn et al. demonstrated a decreased n-3/n-6 ratio and lower levels of EPA, despite higher levels
of its precursor, α-linolenic acid, were measured. This might suggest an impaired functionality of
desaturase and elongase enzymes in these patients [91]. A recent systematic review has assessed the
current knowledge regarding the omega-3 PUFA EPA and DHA in the context of cells and models of
malignant hematopoiesis [92]. There is a wealth of data gained in different cell models, but generally
accepted mechanisms, and applicability in vivo and in humans, are still uncertain.

In contrast to this rather limited experimental evidence regarding omega-3 PUFA in the context of
malignant hematopoiesis, the main focus of research in this field has been the omega-6 PUFA derived
PGE2. Transcript levels of soluble phospholipase A2 (PLA2) subtypes IB and X have been shown to
be upregulated in AML blasts compared to control blood mononuclear cells [93]. This finding might
be significant since the enzymatic activity of PLA2 releases the eicosanoid precursor, arachidonic
acid (AA) from membrane phospholipids for the generation of COX- and lipoxygenase-derived lipid
mediators and is in keeping with the higher levels of free AA observed recently in plasma from AML
patients [94].

PGE2 might normally act as a feedback regulator of myelopoiesis as described above [20].
However leukemic cells were shown to be resistant to this feedback mechanism seen in benign
hematopoiesis [77,95,96]. Furthermore, insensitivity to PGE2-mediated growth inhibition in marrow
cultures from patients with myelodysplastic syndrome preceded the patient’s progression to acute
leukemia [97]. In keeping with these results, the overall incidence of hematologic malignancies seems
not to be reduced by long-term intake of the COX-inhibitor acetylsalicylic acid [98].

In contrast, treatment of mice with indomethacin (a COX inhibitor and thus inhibiting PGE2
synthesis) prior to injection of erythroleukemia cells significantly reduced the number of leukemic
cells in both spleen as well as bone marrow [99]. Additionally, Wang et al. could demonstrate a
marked reduction of leukemia-initiating cells in a murine limiting dilution transplant assay after
treatment with indomethacin [100]. These data indicate a role for COX-metabolites in the proliferation
of leukemic cells.

While COX-1 and COX-2 transcripts can be detected by polymerase chain reaction, the COX-2
protein is not present in primary AML and ALL blasts which is concordance with in vitro data from the
human promyelocytic leukemia cell line HL-60 [70,101]. However, AML blasts were shown to express
COX-1 [101]. Interestingly, constitutive expression of COX-1 can be upregulated by tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) in HL-60 cells. This is accompanied by an increase
of PGE2 synthesis and shows a protective effect towards TRAIL-induced apoptosis [70]. Similarly,
AML cells treated with doxorubicin showed overexpression of multidrug transporter MDR1 triggered
by increased PGE2-formation, and thereby decreased cytostatic efficacy of doxorubicin [102]. These
studies suggest that protective mechanisms of the leukemic blasts to avoid eradication are—at least in
part—mediated by PGE2.

In vitro data with AML-mesenchymal stroma cells (AML-MSC) co-cultures show a greatly
increased COX-2 expression in MSC and induced PGE2 production in dependence of IL1β and ARC
(apoptosis repressor with caspase recruitment domain). ARC is a protein that regulates leukemia
microenvironment interactions through NFκB/IL1β and was shown to be an adverse prognostic
marker in AML [103]. The COX-2 derived elevation of PGE2 from stromal cells seem to support AML
chemoresistance through the expression of β-catenin which regulates ARC [104]. These data indicate
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that PGE2 production in the microenvironment takes part in a mechanism of an antiapoptotic action
and microenvironment-mediated chemoresistance in certain subgroups of AML.

Downstream of the COX enzymes the last step in the synthesis of PGE2 is performed by the
prostaglandin E synthase. This enzyme was shown to be present in normal tissues in minor amounts
but is strongly upregulated in neoplastic cells [105,106]. In AML cell lines the prostaglandin E synthase
was shown to be upregulated and specific inhibition of the enzyme resulted in an inhibition of
proliferation [107] (Figure 2).

As shown for solid tumors, the inhibition of PGE2 receptors EP1, EP2, and EP4 allows for
inhibition of cancer-associated inflammation and tumor growth. Mice deficient of these PGE2 receptors
display decreased tumorigenesis as demonstrated in various experimental settings mainly for solid
tumors [57,108–110]. Concordantly, expression levels of EP1 and EP2 have been demonstrated to be
increased in cancerous tissues [111]. In AML, Ross et al. as well as Yagi et al. could demonstrate
elevated transcript levels of EP2 in AML blasts in a pediatric cohort [112,113] and Denizot et al. could
show that AML blasts express functional EP2 receptors [25,114] (Figure 2).

Interestingly, an omega-3 PUFA-derived lipid mediator has been implicated in anti-leukemia
effects: The cyclopentenone prostaglandin Δ12-PGJ3, produced through cyclooxygenase action from
the omega-3 PUFA EPA, was able to decrease leukemia burden in two murine models of leukemia [115]
by selectively targeting leukemia stem cells (LSCs).

Concerning other eicosanoids and their role in hematopoiesis, only limited data has been published.
For instance, lipoxins, which are produced by the lipoxygenases (as well as by the COX enzymes if
acetylated by ASA), were shown to suppress tumor angiogenesis [116]. Actually, defective lipoxin
synthesis was found in leukemia [117], indicating a stabilizing role for lipoxin in benign hematopoiesis
(Figure 2). Additionally, a landmark study by Kode et al. demonstrated that an activating β-catenin
mutation in osteoblasts can induce the development of leukemia by activating Notch signaling in
hematopoietic precursors [118]. Here, osteoblasts exhibited increased expression of the Notch ligand
Jagged 1. Conversely, there is some evidence suggesting that lipoxin A4 might decrease the expression
of Jagged 1 [119]. Generally, however, the relevance of the lipoxygenase-pathway in benign as well as
malignant hematopoiesis is yet to be explored further.

Concerning 5-lipoxygenase, Gal et al. could show elevated transcript levels of 5-lipoxygenase
in the CD34+/CD38+ fraction of AML blasts compared to the less mature CD34+/CD38- fraction of
the same patients [2]. In a model utilizing mice deficient in 12/15-lipoxygenase it was found that this
enzyme is required for the maintenance of long-term HSC quiescence as well as self-renewal [120].

7. Conclusions

Recent treatment approaches in AML focus increasingly on immune therapy. One of the challenges
in the field is to eliminate or reprogram the immune suppressive microenvironment often created by
tumors [56]. Interestingly, the otherwise pro-inflammatory lipid mediator PGE2 seems to play a major
role in mediating some of these suppressive effects by either direct inhibition of effector T-cell function
or indirectly by increasing the frequency of immunosuppressive cell types. Particularly approaches
to lower PGE2 might thus serve to enhance immune therapy approaches Current experimental data
confirm the importance of this aspect also in the context of AML.
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Abstract: Lipids play a fundamental role in maintaining normal function in healthy cells. Their
functions include signaling, storing energy, and acting as the central structural component of cell
membranes. Alteration of lipid metabolism is a prominent feature of cancer, as cancer cells must
modify their metabolism to fulfill the demands of their accelerated proliferation rate. This aberrant
lipid metabolism can affect cellular processes such as cell growth, survival, and migration. Besides the
gene mutations, environmental factors, and inheritance, several infectious pathogens are also linked
with human cancers worldwide. Tumor viruses are top on the list of infectious pathogens to cause
human cancers. These viruses insert their own DNA (or RNA) into that of the host cell and affect
host cellular processes such as cell growth, survival, and migration. Several of these cancer-causing
viruses are reported to be reprogramming host cell lipid metabolism. The reliance of cancer cells and
viruses on lipid metabolism suggests enzymes that can be used as therapeutic targets to exploit the
addiction of infected diseased cells on lipids and abrogate tumor growth. This review focuses on
normal lipid metabolism, lipid metabolic pathways and their reprogramming in human cancers and
viral infection linked cancers and the potential anticancer drugs that target specific lipid metabolic
enzymes. Here, we discuss statins and fibrates as drugs to intervene in disordered lipid pathways in
cancer cells. Further insight into the dysregulated pathways in lipid metabolism can help create more
effective anticancer therapies.

Keywords: PPAR; statins; fibrates; cholesterol; viruses; cancer; fatty acids

1. Introduction

1.1. Cancers and Infection Related Cancers

Cancer is a leading cause of death worldwide [1]. In 2018, 609,640 cancer deaths and 1,735,350 new
cancer cases were projected to occur in the United States alone [2]. The most deaths are caused by
breast, gastric, liver, lung, and colon cancer [1]. Lung cancer is the leading cause of cancer-related
death worldwide and in the United States. Lung cancer is also the largest contributor to new cancer
diagnoses [3]. Breast cancer is the second most common cancer in women and accounts for 25% of
all cancer diagnoses in American women [4]. Gastric cancer is the second most commonly occurring
cancer worldwide and the fourth and fifth most common cancer in men and women, respectively [1].
Colon cancer is the third most common cancer worldwide and its likelihood of diagnosis increases
progressively from age 40 [5]. Lastly, liver cancer is the fifth most common cancer in the world and has
a poor survival rate due to its aggressive nature [6].

Viruses are estimated to cause about 15% of all human cancers worldwide, and most of these
tumor viruses are hooked on lipid signaling, synthesis, and metabolism [7]. DNA viruses that
contribute to human cancers include human papillomavirus (HPV], Epstein–Barr virus (EBV), Kaposi’s
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sarcoma-associated herpesvirus (KSHV)—also known as human herpesvirus 8 (HHV-8), Merkel cell
polyomavirus—a polyomavirus (MCPyV) associated with the development of Merkel cell carcinoma
(MCC) and hepatitis B virus [7]. The two RNA viruses that can cause the development of human cancer
are hepatitis C and human T lymphotropic virus (HTLV-1] [7]. EBV and KSHV are both herpesviruses
with DNA genomes [7]. EBV is associated with Hodgkin’s disease, B and T cell lymphomas,
post-transplant lymphoproliferative disease [8], nasopharyngeal carcinomas, and leiomyosarcomas [7].
It has been associated with up to 10% of all gastric cancers, and up to 200,000 new malignancies every
year worldwide [9,10]. A vaccine to prevent or treat EBV has not yet been licensed [10]. KSHV is
similar to EBV in that the B lymphocyte is the predominant infected cell, and it has been estimated to
cause 34,000 new cancer cases globally [7,11]. It is the leading cause of AIDS-related malignancy and
cancer mortality [12]. Kaposi’s sarcoma (KS] is the most common AIDS-defining cancer [13–16]. KS is a
serious clinical problem prevailing in up to 50% of HIV+KS+ patients in the United States and 19–61%
in Sub-Saharan Africa, who never regain remission even after combination of anti-retroviral therapy
(cART] [17–19]. HPV is a DNA tumor virus that causes warts or benign papilloma, and persistent
infection is associated with the development of cervical cancer [7]. It infects epithelial cells, integrates
into host DNA, produces E6 and E7 oncoproteins, and disrupts tumor suppressor pathways to
encourage the proliferation of cervical cancer cells [7]. It also plays a role in cancers of the skin, head,
and neck [7]. The HPV vaccine is effective against HPV 16 and 18, but it does not protect against all
high-risk HPV types and may not benefit women who are already infected [7].

Hepatitis C virus (HCV] and hepatitis B virus (HBV) together cause 80% of hepatocellular
carcinoma cases [7]. Hepatitis C is an RNA virus that can infect liver cells and cause acute and chronic
hepatitis [7]. Infection with hepatitis C virus can result in cirrhosis, which can then lead to primary
hepatocellular carcinoma [7]. By contrast, hepatitis B is a DNA virus, but it can also cause acute and
chronic hepatitis, which can lead to cirrhosis, liver failure, and hepatocellular carcinoma [7]. Both
of these viruses could use new methods of treatment. Hepatitis C is not well suited to vaccines,
because its genome mutates at a high rate and therefore it is able to escape elimination and immune
recognition [7]. Hepatitis B does have a vaccine, but up to 10% are non-responders, and HBV infection
still causes an estimated 1 million deaths annually [7,20]. HTLV-1 is an RNA retrovirus that has been
linked to adult T-cell leukemia and a variety of chronic inflammatory diseases including [7]. Once
tumor formation begins, progression is very rapid [7]. Chemotherapy for HTLV-1 associated adult
T-cell leukemia can be at first beneficial but relapse is common and survival is an average of eight
months [7].

There is a need for therapies that can block viral replication, and studies show that viral entry
and release, and consequently replication, can potentially be blocked if membrane lipid composition is
altered [21]. Additionally, modification of lipid metabolism may offer new possibilities for antiviral
therapies [21].

1.2. Diet and Obesity in Cancer

Nutrition, diet, obesity, hyperlipidemia, hyperglycemia, and other modifiable risk factors such as
lack of exercise, hypertension, and insulin resistance have been linked to type 2 diabetes, cardiovascular
disease, hypertension, and several cancers such as breast, endometrial, pancreatic, kidney, gallbladder,
colorectal, and ovarian cancers [22,23]. Obesity is a risk factor for breast cancer [23,24]. Overweight
and obese breast cancer patients have an increased risk of lymph node metastasis, large tumors,
and mortality [24]. There are several hypotheses as to why obesity is correlated with breast cancer.
(A) The first is that the increased amount of adipose tissue in obese women means more peripheral
aromatization of androgens, which causes higher levels of circulating estrogens (Figure 1) [24].
(B) Another hypothesis (Figure 1) is that obesity leads to higher levels of circulating insulin and
insulin-like growth factor (IGF), which act as mitogens [24]. Extra adipose tissue releases additional
non-esterified fatty acids, which leads to the development of insulin resistance [24]. Tissues are not
able to efficiently absorb glucose and so the pancreas increases insulin secretion in both fasted and fed
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states [24]. Insulin is necessary for cell growth and it promotes DNA synthesis [24]. It also increases
levels of insulin-like growth factor 1 (IGF-1), which can target breast epithelial cell receptors and induce
anti-apoptotic and mitogenic pathways [24]. Half of the breast tumors have been shown to overexpress
the IGF-1 receptor, and inactivation of the receptor leads to diminished mammary tumor growth [24].
Insulin and IGF-1 promote angiogenesis, increase cell proliferation, and inhibit apoptosis [25].

Figure 1. Pathways that link breast cancer with obesity: Several consequences of obesity, such as insulin
resistance, higher levels of circulating estrogen, and secreted cytokines play a role in the development
of breast cancer. Insulin and IGF-1 promote proliferation and angiogenesis by activating the PI3K/Akt
and Ras/Raf/MAPK pathways. Insulin also inhibits sex-hormone-binding globulin (SHBG), which
binds testosterone and estradiol so there is increased free estradiol. Circulating estrogens promote
growth of breast epithelial cells and lead to more proliferation and angiogenesis as well. Adipocytes
can secrete pro-inflammatory cytokines which stimulate more lipolysis and further release of free fatty
acids to promote cancer cell survival. T-bars in red denote inhibition.

Estrogen and the insulin/IGF-1 pathway work together (Figure 1) in breast epithelial cells to
increase transcriptional activation of estrogen receptor (ER-α) and induce mitogenic responses [24].
Estrogen does this by stimulating resting breast epithelial cells in G0/G1 to re-enter the cell cycle and
go through cell division [24]. This is mediated by c-Myc, a transcription factor that is induced with
estrogen stimulation [24]. With higher levels of insulin and IGF-1, concentrations of sex-hormone
binding globulin (SHBG) are reduced [24]. SHBG binds estradiol and testosterone, so a decrease in
its levels leads to an increase in circulating estradiol [24]. SHBG binds to breast cancer cells to inhibit
estradiol-induced cell proliferation, and incubation of breast cancer cells with SHBG before treatment
with estradiol cancels out the anti-apoptotic effect of estradiol [24]. It has been shown that breast
cancer risk is inversely correlated with blood levels of SHBG (Figure 1) [24]. (C) The third hypothesis
is that adipocytes are like endocrine cells that secrete hormone-like molecules and cytokines [24].
When invasive tumors penetrate the basement membrane and tissue barriers, the adipocytes and
breast cancer cells can simply participate in paracrine interactions [24]. Studies have shown that tumor
growth can be directly influenced by adipose tissue; mice injected with adipose tissue and mammary
carcinoma cell line SP1 developed tumors, but no tumor growth was observed with injection of SP1
far from any fat [24]. Furthermore, breast cancer cells that were treated with adipocyte-conditioned
media upregulated proliferation and metastasis while also downregulating BRCA1-associated RING
domain protein 1 (BARD1), a tumor suppressor, and p18, a cell-cycle checkpoint inhibitor [24]. Breast
cancer tumors injected with adipocytes grew to be three times as large as the tumors injected with
fibroblasts [24].
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Adipocytes secrete tumor necrosis factor-alpha (TNFα), an inflammatory cytokine [24]. Its expression
is increased in obese rodent models and it inhibits the insulin receptor signaling pathway, thus assisting
in the development of insulin resistance [24] (Figure 1). Adipocytes also secrete IL-6, high levels of
which are associated with poor prognosis in breast cancer [24]. IL-6 production is also associated with
the signals from prostaglandin PGE2, which induces DNA transcription for IL-6 synthesis [26–28]
(Figure 1). IL-6 activates the mitogen-activated protein kinase (MAPK) pathway which promotes
cell migration, and it inhibits the activation of proteases that are involved in apoptosis [24]. IL-6
also inhibits cell differentiation and promotes osteoclast formation and therefore promotes metastatic
growth [24]. In a previous study from our lab, we imaged three-dimensional (3D) sphere cultures
of primary human mammary epithelial cells (HMEC), highly invasive breast cancer (SUM1315MO2)
and primary inflammatory breast cancer (SUM149PT and SUM190PT) cells [29]. We found that the
SUM1315MO2 and SUM149PT spheres were larger with differences in morphology, composition
and their microenvironment [29]. We performed cytokine profiling of HMEC, SUM1315MO2
and SUM149PT conditioned media, which showed an abundance of inflammatory cytokines and
chemokines such as interleukins IL-6, IL-8, and IL-17. Levels of survival kinases such as AKT, p44/42
MAPK, p65, and GSK3β were also, higher in breast cancer SUM1315MO2 and SUM149PT spheres
when compared to HMEC spheres [29]. Our study [29] for the first time, revealed that osteoprotegerin
(OPG) is secreted and expressed at very high levels from the SUM1315MO2 invasive breast cancer cell
line, as well as the SUM149PT and SUM190PT inflammatory breast cancer cell lines when compared to
healthy HMECs. Our study [29] demonstrated specific OPG staining in inflammatory breast cancer
patient tumor sections. Interestingly, immunoprecipitation of breast cancer cell extracts by OPG
antibody revealed lipid metabolic enzyme, fatty acid synthase (FASN), which is a key enzyme of the
fatty acid biosynthetic pathway [30,31]. FASN controls the process of producing de novo fatty acids
from carbohydrate and amino acid-derived carbon sources [32]. Adult body mass index (BMI) is a
reflection of the accumulation of adipose tissue [33]. Obesity has also been linked with gastric cancer
and its complications including gastroesophageal reflux, insulin resistance, high adiponectin, leptin,
and an abnormally high blood level of IGF [34] (Figure 1).

2. Lipid Synthesis in Human Cancers and Viral Infection Linked Cancers

2.1. Regulation of Lipids in Membrane Microdomains

The goal of lipid synthesis is to convert carbons derived from nutrients into fatty acids, cholesterol,
phosphoglycerides, eicosanoids, and sphingolipids [35,36]. Cancerous cells show an increased rate
of lipid synthesis, which has several important functions [35,36]. Lipid (fatty acids) compositional
complexity, versatility, repertoire, fluidity, and lipid asymmetry is very essential to determine the
characteristics of the membrane, rafts or even cell per se [35–37]. The membranes include the organelles
such as the mitochondria, Golgi and the endoplasmic reticulum [35–37]. Therefore, changing lipid
properties can drastically affect biomembranes, their topology, spatial organization and overall cellular
machinery [35,37]. Higher levels of lipid saturation in the cell membrane protect cancer cells from
oxidative damage by reducing oxidative degradation of lipids and may inhibit chemotherapeutic drug
uptake [35,36,38]. Breast cancer cells have less membrane fluidity because of the increased levels of
lipids, and inhibition of their synthesis is associated with apoptosis and cell cycle inhibition [35–38].

Lipids also function as signaling molecules in cancer [35]. Phosphoinositides are lipid
second messengers that relay signals to the cellular machinery from activated growth factor
receptors [35,39]. Lysophosphatidic acid (LPA) is another lipid second messenger that binds to
G-protein-coupled receptors and activates cell migration, proliferation, and survival [35,40]. Ceramides,
which are involved in inducing apoptosis and arresting cell growth, are downregulated in cancer
cells [35,41,42]. Conversely, sphingosine-1-phosphate (S1P), which promotes angiogenesis and cell
growth, is upregulated in cancer cells [35,43–46]. Eicosanoids regulate inflammation and thus assist in
tumor progression [35,47,48]. Lipids function in protein regulation as well [35]. Prenylation facilitates
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the activity and localization of several signaling proteins [35,49,50]. Glycosylphosphatidylinositol (GPI)
targets proteins to the outer layer of the plasma membrane [35]. Protein trafficking and localization
requires different kinds of lipid anchors [35]. Association with membrane rafts is promoted by protein
modification with saturated acyl chains [35]. In contrast, unsaturated fatty acids keep proteins out
of cholesterol-rich membrane rafts. Regulation of growth factors is also associated with protein
acylation [35,51]. Lastly, lipids are associated with autophagy—a self-destructive mechanism required
under nutrient-poor conditions to remove dysfunctional components [35,52–54]. This allows for cancer
cells to conserve their energy during nutrient limitation and therefore promotes cell survival [35].
The overexpression of lipid metabolism-related genes such as ATP-binding cassette transporter
(ABCA1), acyl-coA synthetase long-chain family member 1 (ACSL1), 1-acylglycerol-3-phosphate
O-acyltransferase 1 (AGPAT1) and stearoyl-CoA desaturase (Δ-9-desaturase) (SCD) has been proposed
as a prognostic marker of stage II colorectal cancer (CRC) and is also called a ColoLipidGene
signature [55]. Rectal adenocarcinoma (RAC), a common malignant tumor of the digestive tract is also
linked to lipid peroxidation related oxidative stress, and plasmalogen alterations [56]. Pancreatic ductal
adenocarcinoma (PDAC), a devastating disease is related to the intake of total fat, but especially of
saturated and mono-unsaturated fatty acids (MUFAs) [57]. Given the functions of lipids in membrane
structure, cell signaling, and post-translational modification of proteins, it is clear that lipids have vital
roles that regulate the survival and proliferation of cancer cells [35,58]. We will focus primarily on
aberrant cholesterol and fatty acid synthesis.

Lipids play an important role in viral infection, as they are the structural elements of cellular
and viral membranes [21]. Viruses target lipid synthesis and signaling to remodel their host cells and
generate lipids for the viral envelope [59]. Lipid interactions such as membrane fusion, envelopment,
and remodeling are vital for viral replication, and compounds that affect lipids such as cholesterol
and sphingolipids interfere with viral replication [21]. Viruses replicate inside the host cell, so they
have to cross the host cell membrane for entry and exit [21]. Lipids have several roles in viral entry.
They can function as direct and indirect viral receptors, as entry cofactors, and fusion cofactors [59].
Lipids are involved in viral replication in several ways. They have a role in phosphoinositide signaling
to reorganize the membrane or bind viral proteins [59]. Viruses may also generate lipids at sites of
replication by promoting lipid biosynthesis [59]. By inducing lipid metabolism, viruses exploit the
energy in lipid stores during their replication [59]. Viruses can induce autophagy to degrade lipid
droplets and release lipids, which are oxidized in mitochondria to generate ATP [59]. In addition to
providing energy, lipid droplets can aid in viral assembly and budding [59]. Lipids may also facilitate
viral exit by use of the VLDL secretion machinery [59]. Knockdown of apolipoproteins ApoE and
ApoB decreased the amount of secreted infectious virus [59].

Hepatitis C affects lipid metabolism and uses it to its advantage throughout the infectious
cycle [60]. An increase in lipid droplets has been found in liver biopsies of infected patients [60].
EBV-encoded latent membrane protein 1 (LMP1) has been shown to promote cell proliferation
and progression of nasopharyngeal carcinoma via activation of SREBP1-mediated lipogenesis [61].
Short-chain fatty acids (SCFA) stimulate the two related human gamma-herpesviruses to enter the
lytic cycle through different pathways of chromatin remodeling [62]. EBV LMP1 has been shown to
reorganize membrane lipid rafts and cytoskeleton microdomains to modulate phosphatidylinositol
3-kinase (PI3K) and its downstream target, Akt signal transduction [63].

In patients infected with human T lymphotropic virus (HTLV-1), significantly higher levels of
VLDL and triglycerides were detected [64,65].It has also been found that disruption of lipid rafts can
lead to a decrease in infection by HTLV-1 [66]. HTLV-1 encoded Tax1 protein has been associated
with the accumulation of cellular alterations that promote leukemia in infected HTLV-1-infected
individuals [66]. The cytoplasmic Tax1 protein persistently resides in the Golgi-associated lipid raft
microdomains and Tax1 directs lipid raft translocation of IKK through selective interaction with
IKKγ [67–69]. Depletion of IKKγ impairs Tax1-directed lipid raft recruitment of IKKα and IKKβ

195



Int. J. Mol. Sci. 2019, 20, 644

suggesting that Tax1 actively recruits IKK to the lipid raft microdomains for continuous/sustained
NF-κB activation and contributes to HTLV-1 infection linked tumorigenesis [67–69].

2.2. Association of Lipid Pathways with Glycolysis, Fatty Acid Synthesis, and Glutaminolysis

High-throughput RNA sequencing demonstrated significant changes in genes involved in
overlapping lipid-related functions and/or glucose metabolism disorder in KS lesions [70]. KSHV
infection has been shown to induce glycolysis, glutaminolysis, and fatty acid synthesis pathways, for
the survival of latently infected endothelial cells [71]. KSHV infection of primary endothelial cells
utilizes the host lipid raft-dependent macropinocytosis pathway and endosomal sorting complexes
required for transport (ESCRT)-0 proteins for entry [72,73]. KSHV ORF45, a viral protein in the
tegument layer, connecting capsid and envelope, associates with lipid rafts of host cellular membrane
triggering KSHV budding for final envelopment and virion maturation [74–76]. Lipid metabolism plays
a vital part in KSHV infection and therefore may be used as a drug target [12,76]. KSHV can manipulate
lipid biosynthesis in a host cell to promote viral infection and tumorigenesis in several ways [12,76].
Lipids play a role in the initial infection, survival and proliferation, reactivation, and angiogenesis
of KSHV infected cells [12,76]. Studies have shown that lipids are important for the survival of
KSHV-infected cells and that they have higher rates of fatty acid synthesis and aerobic glycolysis than
primary B cells [12,76]. Reprogramming of cholesteryl ester metabolism has been demonstrated to be
involved in regulating neo-angiogenesis and metastasis in KSHV infected endothelial cells [77]. KSHV
stabilized hypoxia-inducible factors (HIFs) has been reported to play a critical role in KSHV latency,
reactivation and metabolic reprogramming (carbohydrate, lipid, and amino acids) [78].

3. Cholesterol Synthesis in Human Cancers and Viral Infection Linked Cancers

Cholesterol has vital physiological roles such as controlling membrane fluidity and using
cell signaling to regulate cell growth, proliferation, and migration [79]. It is also a precursor
for steroid hormones which activate nuclear receptors to control inflammation and immune
functions [79]. Cholesterol is transported from the liver to cells through the bloodstream in a
low-density lipoprotein (LDL) bound form [80]. Cells take-up the LDL using clathrin mediated
endocytosis and the endocytic pathway transports it to lysosomes where it is hydrolyzed to free
cholesterol molecules [80]. The cholesterol molecules are then taken to the membrane-bound organelles
and the cell membrane [80].

Cholesterol levels are tightly regulated in the body [79]. The key regulators are sterol regulatory
element-binding protein transcription factor 2 (SREBF2) and liver x receptors (LXR; LXRα and
LXRβ) [80]. Levels of endoplasmic reticulum (ER) cholesterol are used to sense for intracellular
cholesterol homeostasis [80]. If there is a decrease in ER cholesterol, SREBF2 is translocated from the
ER to Golgi to the nucleus to activate gene transcription for cholesterol synthesis [80]. Conversely,
if there is an increase in cholesterol levels, its synthesis is shut down and its export is facilitated by
activation of LXR receptors [80]. LXRs are sterol-sensitive transcription factors of the nuclear receptor
superfamily. LXRs regulate the expression of several genes involved in the uptake, transport, efflux,
and excretion of cholesterol in a tissue-dependent manner. These are also crucial regulators of the
reverse cholesterol transport pathway and subsequently whole-body cholesterol content [81].

There are several signaling pathways that activate cholesterol synthesis in cancer cells [80].
Intracellular cholesterol levels are promoted by the activation of PI3K/AKT signaling, which induces
cholesterol synthesis by activating the SREBP transcription factor, the regulator of cholesterol synthesis
encoding genes [80] (Figure 2). SREBP is activated by inhibiting mTORC1 dependent ABCA1 mediated
cholesterol export and activating LDL receptor-mediated cholesterol import pathway [80]. Promotion
of cholesterol synthesis by the AKT/mTORC1/SREBP pathway contributes to cell growth, bone
metastases, and cancer aggressiveness [80] (Figure 2).
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Figure 2. Pathways that lead to an accumulation of cholesterol: Activation of SREBP transcription
factor induces cholesterol. This is induced by activation of PI3K/Akt/mTOR signaling, cancer gene
RAS, and dysregulation by TP53. The accumulation of cholesterol in the cell promotes survival and
inhibits apoptosis. T-bar in red denotes inhibition.

Cholesterol synthesis is also activated through TP53, a frequently mutated gene in cancer [80].
In breast cancer, the cholesterol synthesis pathway is unregulated by the loss of TP53 function [80].
This disrupts the breast tissue architecture and induces proliferation [80]. In studies where the mutant
TP53 was knocked down, the morphology of the breast cancer cells changed from the disorganized
back to a normal phenotype [80] (Figure 2).

In cancer cells, high levels of mitochondrial cholesterol lead to resistance to apoptotic signals [80].
Cholesterol import into the mitochondria is regulated by the two proteins steroidogenic acute
regulatory (STAR) and STAR-related lipid transfer domain containing 3 (STARD3) [80]. In human
epidermal growth factor receptor 2 (HER2/neu, c-erbB2) positive breast cancer cells, STARD3 is
associated with a poor prognosis, and lower levels of STARD3 increase cell death while reducing cell
proliferation [80]. HER2 is a membrane tyrosine kinase and oncogene, when activated it provides the
cell with potent proliferative and anti-apoptosis signals, and confers aggressiveness to breast cancers.
Higher levels of STARD3 also decrease the adhesiveness of breast cancer cells, which promotes
metastases [80]. Another gene that controls cholesterol homeostasis is ABCA1, a cell membrane
cholesterol exporter, and it is dysregulated in cancer cells [80]. Lower levels of ABCA1 increase
mitochondrial cholesterol levels and promote cancer cell survival [80]. Growing tumors have been
found to have 3-fold lower levels of ABCA1 expression as opposed to normal cells [80].

High cholesterol is a risk factor for several pathologies and is associated with the development
of cancer [79]. It has been observed that cholesterol promotes cell proliferation and migration [79]. It
accelerates the formation of tumors, enhances tumor angiogenesis, and increases their aggressiveness [23].
Cholesterol is also associated with chemotherapy resistance [79]. In breast cancer tumors, higher
plasma cholesterol levels are associated with higher expression of cyclin D1, an oncogenic driver [23].
Furthermore, high cholesterol content in lipid rafts is associated with higher rates of cell survival in
prostate cancer cells [23]. Lipid rafts are implicated in Akt activation, which then phosphorylates
pro-apoptotic proteins and inactivates them [82]. Cholesterol is a major component of cellular and
mitochondrial membranes; the inhibition of cholesterol synthesis may inhibit the formation of new
membranes demanded by proliferating tumor cells [83]. It was observed that although lipogenesis was
upregulated in cancer cells, during tumor development, plasma cholesterol levels were reduced [23].
This suggests that transformed cells may utilize more cholesterol than normal cells; thus regulation of
the cholesterol synthesis pathway may limit cellular proliferation [84]. Cholesterol metabolic pathways
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are required for the replication, secretion, and entry of HCV and drugs targeting cholesterol metabolic
pathways have potential in treating HCV infection [85]. Cholesterol has also been identified as a
critical factor for EBV latent membrane protein 2A trafficking and protein stability as it regulates
LMP2 phosphorylation and ubiquitination [86]. Treatment of cells with methyl-beta-cyclodextrin
(MβCD), which depletes cholesterol from the plasma membrane, increased LMP2A levels, its
secretion in exosomes and blocked LMP2A endocytosis resulting in LMP2A abundance in the plasma
membrane [86].

The mevalonate (MVA) pathway, which leads to the production of cholesterol, can be dysregulated
in tumor cells [87] (Figure 3). Many of the downstream products are required for protein synthesis,
membrane integrity, signaling, and cell-cycle progression, and are therefore critical in cell proliferation [84].
Higher levels of enzymes in the MVA pathway are associated with rapid progression and poor
prognosis in cancer patients, and treatment with mevalonate promotes proliferation of breast cancer
cells and tumor growth [82,87] (Figure 3). This pathway is upregulated by mutated p53, a tumor
suppressor protein [84]. The increased proliferation rates are associated with a faster entry of cells
through the G1 restriction point and into S phase [88]. These cells have more activating phosphorylation
of cyclin-dependent kinase-2 (CDK-2), which controls initiation of DNA synthesis and replication,
and decreased inhibitory binding of CDK-2 to p21, a regulator of the G1 restriction point [88].
The disruption of this pathway in malignant cells may result in the inhibition of cell-cycle progression
and reduce proliferation and metastasis of cancer cells [84].

Figure 3. Mevalonate pathway as an important metabolic pathway: The mevalonate pathway is
regulated by HMG CoA reductase (HMGCR), and this enzyme is targeted by statins to decrease plasma
cholesterol. Fibrates target the mevalonate pathway by inhibiting acetoacetyl coenzyme A. This reverses
the effects of cholesterol to inhibit cell proliferation and trigger apoptotic parameters. Downregulating
the pathway also suppresses production of farnesyl pyrophosphate and geranylgeranyl phosphate to
inhibit the invasive properties of cancer cells. T-bars in red denote inhibition.

Hepatitis C virus requires geranylgeranylation, a metabolite of the mevalonate pathway, to
allow binding of viral protein NS5A to viral cofactor FBL2 [89,90]. In the mevalonate pathway,
simvastatin interferes with the activity and localization of EBV latent membrane protein 1 LMP-1 to
induce apoptosis [91]. KSHV viral microRNAs (miRNAs) have been shown to target 3-Hydroxy-3-
methylglutaryl-coenzyme A (CoA) synthase 1 (HMGCS1), 3-hydroxy-3-methylglutaryl-CoA reductase,
enzymes in the mevalonate/cholesterol pathway [89]. Addition of 25-hydroxycholesterol to
primary cells inhibited KSHV infection suggesting that KSHV miRNAs decrease the level of
25-hydroxycholesterol and promote viral infection [89].
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4. Fatty Acid Synthase (FASN) in Cancers and Viral Infection-Associated Cancers

Besides cholesterol, triacylglycerol can also be synthesized from acetyl-CoA [92] (Figure 4).
Malonyl-CoA is produced from acetyl-CoA via acetyl-CoA carboxylase (ACC), which is converted to
Palmitate. Palmitate is lengthened to form stearate by enzyme fatty acid elongase (Elovl #1–7) [92]
(Figure 4). Fatty acid elongation primarily occurs in the endoplasmic reticulum and uses malonyl-CoA
and fatty acyl-CoA as substrates. Another endoplasmic reticulum-bound enzyme is stearoyl-CoA
desaturase (SCD), which catalyzes the desaturation of saturated palmitoyl- and stearoyl-CoA, those are
converted to palmitoleoyl- and oleoyl-CoA, respectively [92] (Figure 4). Multiple drugs targeting lipid
pathways are in clinical trials. Antitumor synergy has been observed in vitro and in vivo combining
A939572 with an mTOR inhibitor in ccRCC and A939572 is a small molecule that specifically inhibits
SCD1 enzymatic activity [93–95]. Similarly, T-3764518, a novel and orally available small molecule
inhibitor of SCD1 showed promising antitumor effects in colorectal cancer HCT-116 cells and their
growth and mesothelioma [96,97].

Figure 4. Triacylglycerols are synthesized from acetyl-CoA. Acetyl-coA is metabolized to malonyl-CoA
via acetyl-CoA carboxylase, which in turn is converted to Palmitate, the principal product of the
fatty acid synthase system in animal cells. Palmitate is lengthened to form stearate by enzyme
fatty acid elongase. Stearate, a saturated fatty acid is subsequently metabolized by stearoyl-CoA
desaturase enzyme, that forms a double bond in stearoyl-CoA, leading to the monounsaturated fatty
acid oleic acid. Carnitine palmitoyltransferase (CPT), the enzyme in the outer mitochondrial membrane,
converts long-chain acyl-CoA species to their corresponding long-chain acyl-carnitines for transport
into the mitochondria. CPT induces mitochondrial β-oxidation, which is a complex pathway involving
energy metabolism. FASN inhibits CPT with resultant inhibition of fatty acid oxidation. T-bar in red
denotes inhibition.

FASN, the enzyme responsible for de novo fatty acid synthesis, is expressed at higher levels in
breast, prostate, colon, and ovarian cancer cells as opposed to normal human mammary epithelial cells
(HMEC) [98]. We analyzed the breast tissue sections of healthy subjects and breast cancer patients
for the presence of FASN by immunofluorescence staining using anti-FASN antibody (unpublished
results). Abundant FASN expression was detected in breast cancer tissue sections (Figure 5A,B,D,E)
compared to the normal healthy control tissue sections (Figure 5C,F). We next evaluated the fold
change in FASN expression in all 32 sections by densitometry analysis using ImageJ software. A 0–2,
2–4, 4–6-fold induction in FASN expression was observed in 14, 12 and 6 tumor sections, respectively.
Collectively, these results highlight the presence of PPARα expression in human breast cancer tissues.
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Figure 5. Fatty acid synthase (FASN) levels in human breast cancer tissue samples. 16 breast cancer
tissue samples, in duplicates (A,B,D,E) along with their controls (C,F) were analyzed by IHC staining
for FASN. Magnification for the panels is 4×.

Our previous studies show larger numbers of lipid droplets in SUM1315MO2 (invasive breast
cancer cell line) and SUM149PT cells (inflammatory breast cancer cell lines) when compared
to HMEC using electron microscopy, immunofluorescence, and fluorescence quantitation [30].
SUM1315MO2 and SUM149PT also had higher expression of FASN when compared to HMEC using
immunoblotting and immunofluorescence staining [30]. In addition, Western blot analysis showed
higher levels of cyclooxygenase-2 (COX2), which is important in cancer progression and inflammation,
in SUM1315MO2 and SUM149PT cells [30]. To investigate the importance of FASN and COX2 in
cancer cell progression, these two enzymes were blocked with C75 (FASN inhibitor) and/or celecoxib
(COX2 inhibitor) and the results showed a reduction in the amount of lipids formed per cell as well as
decreased levels of cell survival proteins p-Erk and p-GSK3β [30]. Since high levels of FASN leads
to more lipogenesis, which causes more lipids to be integrated into membrane lipid rafts, activating
membrane receptor tyrosine kinases and resulting in oncogenic signaling pathways [98]. Therefore,
fatty acid synthase is associated with poor prognosis in patients with cancer [99]. It has been associated
with clinically more aggressive cancers; in stage I breast cancer, there was a four-fold increase in
mortality risk associated with the expression of fatty acid synthase in two studies [100]. FASN is
correlated with peritumoral lymphatic vessel invasion and inversely correlated with breast cancer
survival [101].

Fatty acid synthase is an attractive therapeutic target because it is expressed at low or undetectable
levels in normal tissues because fatty acids are supplied by diet [100]. In contrast, since FASN is
overexpressed in malignant cells, a FASN inhibitor would target the cancerous cells while leaving
the normal cells unaffected [100]. It is also restricted solely to fatty-acid synthesis, unlike the other
lipogenic enzymes. For example, acetyl-CoA carboxylase is the rate-limiting enzyme of fatty-acid
synthesis but it is also widely distributed in muscle [100]. In colon cancer cells, inhibition of fatty acid
synthase inhibited S-phase progression and DNA replication [100].

Preclinical evaluation of novel FASN inhibitors in primary colorectal cancer cells (CRCs) and a
patient-derived xenograft model of colorectal cancer showed that anti-tumor activity was primary
due to a significant decrease in the activation of Akt and Erk1/2 oncogenic pathways in CRCs [102].
Treatment with a FASN inhibitor led to the arrest of cell growth and apoptosis of breast tumor
cells, further reinforcing the role of FASN in tumorigenesis [101]. FASN inhibition does this by
upregulating pro-apoptotic genes BCL2 Interacting Protein 3 (BNIP3) and tumor necrosis factor related
apoptosis-inducing ligand (TRAIL) [101]. BNIP3 induces apoptosis by mitochondrial dysfunction [101].
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TRAIL has been found to be inversely correlated with FASN expression, which demonstrates that
TRAIL is a component of the apoptotic pathway caused by FASN inhibition [101]. FASN can be
inhibited using FASN small interfering RNA (siRNA). FASN inhibition by siRNA increases ceramide
synthesis, which upregulates BNIP3 and TRAIL [101].

Cerulenin is another inhibitor of fatty acid synthase, and treatment demonstrated a cytotoxic
property that was proportional to fatty acid synthase [100]. In other words, Cerulenin was selectively
toxic and induced apoptosis in cancer cells but not normal cells in vitro [100]. Cerulenin is, however
chemically unstable and therefore a more stable inhibitor of fatty acid synthase is needed as an
anticancer agent [100].

Hepatitis B interferes with lipid metabolism as well [103]. Fatty acid synthase is upregulated in
HBV infected cells, and many studies have shown that HBV promotes the synthesis of fatty acids
and cholesterol [103]. Lipid metabolism is altered during EBV infection as well [8]. Fatty acid
synthase expression is increased in infected cells to engage de novo synthesis of palmitate, instead
of relying on dietary fatty acids as healthy cells do [8] (Figure 6). This is confirmed by the findings
that tumorigenesis in EBV infected cells driven by fatty acid synthase can be blocked by using fatty
acid synthase inhibitors [8]. Moreover, treatment of infected cells with a fatty acid synthase inhibitor
reduces cell survival [12]. Inhibition of key enzymes such as acetyl-CoA carboxylase also leads to
apoptosis in infected cells [12]. EBV immediate-early (IE) protein BRLF1 activates expression of the
host fatty acid synthase through a p38 stress mitogen-activated protein kinase and induces a lytic form
of EBV replication [104].

Figure 6. Fatty acid deregulation in pathogenesis of human cancer: A key lipogenic enzyme in fatty
acid is fatty acid synthase (FASN), which can be inhibited to downregulate fatty acid synthase to inhibit
DNA replication and arrest cell growth.

KSHV infection also increases peroxisome biogenesis, and the proteins involved in the
peroxisomal metabolism of very long chain fatty acids are critical for the survival of infected cells [105].
Reactivation is induced by short chain fatty acids, and angiogenesis is promoted by the vitamin D
receptor pathway and increased cholesteryl ester synthesis [12].

5. Arachidonic Acid Pathway Metabolites in Cancers and Viral Infection-Associated Cancers

Many cancers have been shown to have aberrant metabolism of arachidonic acid [106–110].
Arachidonic acid is a fatty acid found in the cellular membrane [106] (Figure 7). It is metabolized
to eicosanoids through 3 pathways: the cytochrome P450 monooxygenase (ω-hydroxylases and
epoxygenases), the cyclooxygenases (COX-1 and COX-2), and the lipoxygenase (5-LO, 12-LO, 15-LOa,
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15-LOb) pathways [106]. Metabolism by these pathways generates eicosanoids, such as leukotrienes
and prostaglandins, which are pro-inflammatory and promote tumor growth [106–110] (Figure 7).
Besides these eicosanoids are the epoxyeicosatrienoic acid (EETs), which are generated via the
conversion of arachidonic acid by CYP epoxygenases and are mainly metabolized by soluble epoxide
hydrolase (sEH). EETs, lipid signaling molecules are autocrine and paracrine mediators of cell
proliferation, migration, inflammation, and angiogenesis in several tissues [111,112]. Pro-inflammatory
eicosanoids are highly expressed in cancer cells and can promote tumor progression by inducing the
secretion of growth factors by epithelial cells, inducing angiogenesis by binding receptors on stromal
cells, regulating apoptosis, cell migration and proliferation by activating receptors on tumor epithelial
cells and promoting a microenvironment that supports tumor growth [106].

Figure 7. Arachidonic acid cascade: Arachidonic acid is a fatty acid that is freed from cellular
membranes by phospholipase A2. It can then be metabolized to prostanoids such as thromboxanes
(TXA2), prostacyclin (PGI2) and prostaglandins PGD2, PGE2, and PGF2a through the cyclooxygenase
(COX) pathway. The lipoxygenase (LO) pathway along with hydrolases converts arachidonic acid
into leukotrienes, hydroxyeicosatetraenoic acids (HETEs), and lipoxins (LXA4 and LXB4). Lastly,
the cytochrome P450 monooxygenase pathway converts arachidonic acid into epoxyeicosatrienoic
acids (EETs).

The 5-LO expression is promoted by pro-inflammatory stimuli, and it is constitutively expressed
in cancers including breast, prostate, lung, colon, and esophagus [106] (Figure 7). Inhibition of
this pathway may reduce tumor growth and metastases, and have shown this in mouse models of
human breast, esophageal, colon, and skin cancer [106–110]. The COX enzyme has two isoforms:
COX1, which is ubiquitously expressed, and COX2, which is inducible [113] (Figure 7). COX2 is
highly expressed during tumor formation and in areas of inflammation, and increased expression
is associated with decreased rates of survival among patients with mesothelioma, breast, prostate,
pancreas, liver, stomach, lung, and esophagus cancers [106–110] (Figure 7). Mammary angiogenesis
and tumorigenesis is reduced in rodent models when COX2 is knocked out [113].

Both COX enzymes catalyze the ultimate production of prostaglandin E2 (PGE2), which
upregulates the production of aromatase in fat cells and therefore more estrogen production, which
promotes tumor cell proliferation [106]. PGE2 also upregulates NFkB activity, which is involved
in inhibiting apoptosis and upregulates anti-apoptotic protein Bcl2 via Ras-MAPK signaling [106].
PGE2 has immunosuppressive effects as well: it upregulates immunosuppressive TH2 cytokines
while downregulating anti-tumor TH1 cytokines [106]. It suppresses natural killer cells, which have
anti-tumor activity, by inhibiting CD8+T activity [106]. A negative correlation has been shown between
prostaglandin levels in breast tumors and survival [114].

PGE2 and leukotriene B4 (LTB4) promote angiogenesis by inducing vascular endothelial growth
factor (VEGF), fibroblast growth factor 2 (FGF2), and chemokines CCL2 and CXCL1 [106]. They
also shift the normal tissue microenvironment to one that supports tumor growth by exacerbating
inflammation by recruiting more leukocytes into the tissue from the circulation [106].
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Non-steroidal anti-inflammatory drugs (NSAIDs) inhibit COX and therefore have anti-inflammatory
effects. These have been reported to reduce the risk of tumors in breast, lung, colon, and prostate
cancers [106–110]. However, prolonged use of NSAIDs has cardiovascular and gastrointestinal side
effects [106]. One way to avoid these may be to use antagonists of PGE2 receptors to inhibit the growth
of tumors, which has been shown to have an effect in colon, lung, esophageal, and breast cancer animal
models [106]. The cyclooxygenase-2-prostaglandin E2-eicosanoid receptor inflammatory axis has been
demonstrated to play a key role in KSHV associated malignancies [115]. KSHV can activate parts of
the lipoxygenase pathway such as leukotrienes and 5-lipoxygenase to aid in initial infection [12,116].

Concurrent inhibition of COX-2 and soluble epoxide hydrolase (sEH) using PTUPB, an orally
bioavailable COX-2/sEH dual inhibitor results in antitumor, anti-angiogenic activity and has
organ-protective effects [117]. PTUPB has the potential for future combination chemotherapy partner
for cisplatin [117].

6. Use of Statins in Cancers, Viral Infections and Associated Cancers

Statins are competitive inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMGCR) and are referred to as cholesterol-lowering drugs as these regulate the rate-limiting step of
the cholesterol synthesis pathway [118–120]. Statins target the MVA pathway by inhibiting HMGCR
and reducing the levels of mevalonate and ultimately reducing plasma cholesterol [121] (Figure 3).
HMGCR regulates the mevalonate pathway, and when upregulated, promotes tumor growth in breast
cancer cells [122]. High levels of HMGCR are correlated with poor survival outcomes [122]. It has
also been shown that HMG CoA reductase can induce growth in breast epithelial cells, independent
of Anchorage [35]. Statins, therefore, reduce metastatic potentials and improve the survival rates in
metastatic breast cancer mouse models [122,123]. Statins induce apoptosis of many cancer cell types
and block pathways driving cell division in several types of leukemias and lymphomas [118–120].
Furthermore, an inverse correlation between cancer risk and statin use has been shown [124].
Studies have shown that statins reduce the incidence of breast cancer, colorectal cancer, prostate
cancer, and cholangiocarcinoma [79]. Statins have been associated with lower risk of gastric cancer
(due to weakening H. pylori infection), reduced hepatocellular carcinoma risk, and lower risk of
melanoma [123,125,126]. By suppressing the mevalonate pathway, statins inhibit cell proliferation,
trigger apoptotic parameters, and are powerful anti-inflammatory agents [121]. Another effect of
blocking the mevalonate pathway is the regulation of the production of geranylgeranyl and farnesyl
pyrophosphates, which modify the Rho and Ras -GTPases [127]. Rho proteins are associated with
the invasive and proliferative properties of cancer cells [127]. Statins suppress the expression of
matrix metalloproteinases (MMPs) and very late antigens (VLAs), and subsequently inhibit tumor
growth and spontaneous metastasis [123]. They also induce cell apoptosis by inhibiting PI3K/Akt
signaling [127,128] and produce anti-proliferative effects on lung, liver, colorectal, and prostate
tumors [124]. Statins also modulate MAPK and CDK2, which reduce the expression of p21 and
p27 cyclin kinase inhibitors, which regulate proliferation and apoptosis of tumor cells [127].

Studies in rodents show that lipophilic statins such as simvastatin, lovastatin, and fluvastatin have
a protective effect on the growth of several tumor types by decreasing mevalonate synthesis [88].
Lovastatin arrests the cell cycle at the G1 phase by inducing cell cycle inhibitors p21 and p27,
and decreases transition to the S and G2/M phases [83]. Lovastatin treated breast cancer cells show
higher levels of caspase activity, which is consistent with apoptosis initiation [83]. Furthermore,
cytochrome c was released by a reduction in the mitochondrial membrane potential and Bax
translocation into the mitochondria [83]. Fluvastatin increases the rate of apoptosis and reduces
breast tumor proliferation [129]. Simvastatin in particular has been shown to reduce the risk of several
different cancer types, including breast cancer [125]. In mice that were treated with simvastatin, tumor
growth and proliferation were inhibited and reduced [127]. Simvastatin is also associated with a
reduced risk of breast cancer recurrence [4]. In bile duct cancer cells, simvastatin suppresses cell
proliferation by inducing G1 phase cell cycle arrest [130]. It also activates caspase-3, downregulates
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Bcl-2 expression, and enhances Bax expression, which consequently induces apoptosis in bile duct
cancer cells [130]. In prostate cancer, simvastatin suppresses metastasis by inhibiting TGF-β1, which
promotes tumor progression and is associated with poor outcomes [131]. Statins were reported to
prime cancer cells for apoptosis and worked in synergy with an inhibitor of BCL2 called venetoclax,
and demonstrated better clinical responses compared to venetoclax alone [118–120]. In breast cancer
cells, simvastatin affects several signal transduction pathways and changes expression of Akt, NFkB,
BclXL, and PTEN [127]. Simvastatin reduces cell viability through reduction of raft formation, which
consequently downregulates survival kinase Akt [82]. Akt promotes cell survival and inactivates
pro-apoptotic proteins, and is therefore characteristic of malignant tumors [82]. Simvastatin blocks
phosphorylation of Akt, which inhibits Akt activation [127]. Simvastatin inhibits NFkB transcriptional
activity, which subsequently decreases expression of anti-apoptotic protein BclXL and increases levels
of phosphatase and tensin homolog (PTEN), a tumor suppressor protein [127] (Figure 8). Akt regulates
many transcription factors, including NFkB, which is constitutively active in breast cancer cells [127].
NFkB induces expression of several anti-apoptotic proteins including BclXL [127]. Breast cancer
cells have higher levels of BclXL, and simvastatin inhibits its transcription by targeting NFkB [127].
In breast cancer cells, a mutation or deletion in PTEN increases levels of PI3 kinase product PIP3 [127],
which consequently upregulates Akt activity [127]. Activation of phosphatidylinositol 3 kinase (PI3
kinase) and its target Akt kinase is associated with the anti-apoptotic properties of cancer cells [127].
PI3 kinase is negatively regulated by phosphatase and tensin homolog (PTEN), a tumor suppressor
protein [127]. PTEN controls the levels of the product of PI3 kinase: PI 3, 4, 5-triphosphate (PIP3),
which activates Akt kinase [127]. Simvastatin increases expression of PTEN to reduce activation of
Akt by targeting NF-κB to inhibit its repression of PTEN expression and therefore inhibit breast cancer
cell proliferation [127]. Simvastatin thus increases transcription of phosphatase and tensin homolog
(PTEN), which suppresses the oncogenic phosphatidylinositol-3-kinase (PI3K) pathway and reduces
expression of the anti-apoptotic protein bcl-XL [129].

Two other pathways simvastatin uses to suppress cell growth and induce apoptosis are the
MAPK/ERK pathway and the JNK/CHOP/DR5 pathway [132]. Simvastatin suppresses tumor growth
by suppressing the MAPK/ERK pathway, which promotes cancer cell survival and metastasis [132].
Simvastatin also activates the JNK/CHOP/DR5 pathway, which induces apoptosis in breast cancer
cells [129]. Simvastatin has been reported to inhibit the activity of HBV minichromosome maintenance
(MCM) 7 complex, an important host factor aiding virus genome replication in host cells by increasing
the phosphorylation of eIF2α, which is mediated by the liver kinase B1 (LKB1)-AMP-activated protein
kinase (AMPK) signaling pathway [133]. Statin use may have potential protective effects and reduce the
risk for hepatocellular carcinoma (HCC) in HBV-infected patients in a dose-dependent manner [134].

Treatment with statins, which downregulate the mevalonate pathway, has been shown to
block hepatitis C virus [89]. Statin treatment affected cell cycle, apoptosis and alternative splicing
genes between the native (B-lymphocytes) and EBV transformed cells human lymphoblastoid
cells (LCLs) [135]. Simvastatin has been shown to delay the development of EBV-lymphomas in
severe combined immunodeficiency mice models and could be considered for the treatment of
EBV-lymphomas [136]. Anti-HCV effects or reduced HCV replication via Ceestatin, a drug that binds
to 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) synthase and irreversibly inhibits HMG-CoA
synthase in a dose-dependent manner are reversed by addition of HMG-CoA, mevalonic acid, or
geranylgeraniol [137]. Side effects of statins include acute renal failure, myopathy, myoglobinuria,
and hepatotoxicity [138]. Also, increased risk of diabetes mellitus and muscle pain has been
observed [79]. Recent studies have found an increased risk of cancer after use of pravastatin, which
caused an increase of mevalonate synthesis in extrahepatic tissues and thus promoted the growth
of breast cancer cells. No such association has been found with use of lipophilic statins such as
simvastatin, lovastatin or fluvastatin [88].
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Figure 8. Statin therapy and downstream consequences: Statins block transcription of NFkB. This
decreases expression of anti-apoptotic BclXL and inhibits cancer cell proliferation. Inhibition of NFkB
also increases expression of pro-apoptotic phosphatase and tensin homolog (PTEN). PTEN inhibits PI3
kinase, and therefore also inhibits the target of PI3 kinase, Akt kinase, which are both associated with
the anti-apoptotic properties of cancer cells. T-bars in red denote inhibition.

7. Use of Fibrates (PPARα Agonist) in Cancers, Viral Infections and Associated Cancers

Fibrates are an effective and safe group of hypolipidemic drugs, frequently used to treat
patients with atherogenic dyslipidemia and have shown tremendous potential in cardiovascular
outcomes [139–141]. Fibrates also have benefits in carbohydrate metabolism, adipokines levels,
thrombosis, atherosclerosis (hardening of arteries), heart attack, stroke and inflammation [139–141].
Fibrates such as fenofibrate can inhibit triglyceride (TG) synthesis via reducing the availability
of free fatty acids by promoting β-oxidation and also has anticancer agent potential [139–141].
Fibrates are well-known ligands of peroxisome proliferator-activated receptor α (PPARα). PPARs are
ligand-activated transcription factors that modulate lipid metabolism and are involved in transcription
of genes that regulate cell proliferation [24,98]. This family of nuclear receptors is expressed in
tumors cells as well as in tumor endothelium [142]. PPARα is a particularly important transcriptional
regulator of inflammatory and metabolic processes, which means its agonists can be used to treat
dyslipidemia [98]. Functional activity of PPAR is maintained by histone deacetylase (HDAC),
co-repressors/co-activators, retinoid X receptors (RXRs), RNA polymerase II, histone acetyltransferases
(HATs), phosphorylation and dephosphorylation [139–141].

PPARα ligands suppress cancer cell growth in several lines, including breast, colon, and skin [142].
They also suppress the metastasis of melanoma cells [142]. PPARα ligands can induce apoptosis
of endothelial cells and inhibit proliferation and migration [142]. PPARα ligands produce
anti-inflammatory effects by inhibiting NOS, COX-2, and tumor necrosis factor TNFα, and reducing
inflammation in tumors may be associated with inhibition of cell growth and improved prognosis [142].
Moreover, PPARα deficiency suppresses angiogenesis by producing excess thrombospondin (TSP-1)
and also prevents tumor growth [142]. Given these reasons, PPARα ligands could potentially be
tumor-preventing agents. Fibrates in particular target the MVA pathway by inhibiting acetoacetyl
coenzyme A [143,144] (Figure 3).

Clofibrate inhibits cell growth by changing the levels of checkpoint kinases, cell cycle inhibitors,
and tumor suppressors [98]. In breast cancer cells, higher levels of PPARα are found when compared
to HMEC cells [98]. In these cells, Clofibrate reduces the amount of fatty acid synthase, inhibits growth,
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and reduces survival kinases [98]. In breast cancer cells, COX-2 expression promotes cell adhesion and
migration, which in turn accelerates cancer progression [98]. Clofibrate, in turn, downregulates COX-2
as well as 5-LO inflammatory pathway components [98]. In rodents, the use of fibrates for prolonged
periods of time can cause peroxisome proliferation, which leads to hepatomegaly and tumor formation.
As this has not been demonstrated in humans, a low dose of fibrates for a short duration of time can
be used [98]. PPAR agonists have also been associated with weight gain [24].

8. Other Lipid Metabolites and Pathways in Cancer and Viral Infections

Beside the pathways and metabolites mentioned here, there are many other very important lipid
pathways mediating enzymes and metabolites. Gangliosides along with other glycosphingolipids,
phospholipids, and cholesterol in glycolipid-enriched microdomains present at the outer leaflet of the
plasma membrane interact with signaling molecules including receptor tyrosine kinases and signal
transducers and contribute to activation of cell signaling, increasing cell proliferation and migration,
as well as tumor growth [145].

Phospholipase D (isoenzymes PLD1 and PLD2) catalyzes the hydrolysis of cell membrane
phospholipids and plays the role in several cancers and infectious diseases [146]. PLD inhibitors have
been proposed as novel compounds for the treatment of cancers, neurodegenerative disorders, and viral
infections [147]. PLD activity has been linked with promoting survival and metastatic phenotype of
malignant prostate cancer cells [148] and PLD inhibitors reduce human prostate cancer cell proliferation
and colony formation [149]. HPV infection, the key risk factor for the development and progression
of cervical cancer utilizes PLD and Phosphatidic acid (PA) and regulate the PI3K/AKT/mTOR
pathway [150].

ATP citrate lyase (ACLY) is involved in lipid during membrane biogenesis (fatty acid synthesis)
linked with aerobic glycolysis. ACLY catalyzes the conversion of citrate to oxaloacetic acid (OAA) and
acetyl-CoA [151]. Acetyl-CoA is the acetyl donor for lysine acetylation that links metabolism, signaling,
and epigenetics. ACLY overexpression and activation increase metabolic activity in proliferating
cells via activation of Akt signaling in glioblastoma, colorectal cancer, breast cancer, non-small cell
lung cancer, and hepatocellular carcinoma etc. [152]. There are varying reports on the effect of ACLY
depletion on cancer cells. Few suggest that genetic deletion of ACLY does not kill cells but these
cells start proliferating at the impaired rate by utilizing exogenous acetate for de novo lipogenesis
and histone acetylation [153]. There are studies in breast cancer, which suggest that depletion of
ACLY suppressed breast tumor growth and progression [151]. Low molecular weight cleaved form
of cyclin E, a powerful independent predictor of survival in women with progressed breast cancer,
was shown to interact with ACLY and promote aberrant lipid metabolism pathways in breast cancer
tumorigenesis [154]. ACLY has been implicated in integrin signaling in glioblastoma leading to cell
adhesion and migration required for its progression and metastasis [155]. ACLY activation during
hepatitis B virus (HBV) has been reported to be involved in the disturbed lipid metabolism and
proliferation of hepatocytes [156]. ACSS2-mediated acetyl-CoA synthesis from acetate has been shown
to take over ACLY functions during HCMV infection, which has been associated with malignancies
including colon cancer, malignant glioma, prostate carcinoma, and breast [157–160].

9. Summary

Diet and obesity play an important role in breast, prostate, gastric, lung and skin cancer development,
and increased lipogenesis has been observed in tumor cells of virally infected hosts [23,161]. This may
be caused by disruptions in the same signaling pathways responsible for the oncogenic transformation
of cancer cells [161]. The challenge, therefore, is to discover novel, non-toxic therapies that target
these essential steps in the development of lipid/obesity-associated cancers. One such pathway,
the mevalonate pathway, can be dysregulated in cancer cells and lead to poor prognosis in cancer
patients, as cholesterol has been shown to accelerate tumor formation [23,87]. Statins target this
pathway by inhibiting HMGCR, which reduces plasma cholesterol and has to been shown to ultimately
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reduce cancer risk [121,124]. Another possible therapeutic target is fatty acid synthase, which is
expressed at high levels in cancer cells and leads to more lipogenesis and oncogenic signaling
pathways [98]. Treatment with a FASN inhibitor increases apoptosis and decreases cell growth in cancer
cells [101]. PPARs are another modulator of lipid metabolism and regulate cell proliferation [24,98].
PPARα ligands, fibrates, suppress breast cancer cell growth [98]. Lastly, abnormal metabolism of
arachidonic acid in cancer cells leads to high levels of pro-inflammatory eicosanoids, which promote
tumor progression [106]. NSAIDs inhibit the inflammatory COX pathway and have been reported
to reduce the risk of cancer [106]. Since viral infection associated cancers also heavily utilize lipid
metabolism for their growth and progression, therefore there could be common targets which could
be tested to combat viral cancers. Numerous studies discuss and show promising results targets for
NSAIDs [116,162–168], mTOR pathway regulators [169–172], and FASN inhibitors [75] in viral infection
associated cancers but additional in vivo studies need to be done to fully exploit these pathways. These
studies support the further development of statins, FASN inhibitors, fibrates, and NSAIDs as potential
anticancer agents.
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Abbreviations

KSHV Kaposi’s sarcoma-associated herpesvirus
MCPyV Merkel cell polyomavirus—a polyoma virus
MCC Merkel cell carcinoma
EBV Epstein–Barr virus
HPV human papilloma virus
HTLV human T lymphotropic virus
cART combination of anti-retroviral therapy
IGF-1 insulin-like growth factor 1
SHBG sex-hormone binding globulin
BARD1 BRCA1-associated RING domain protein 1
TNFα tumor necrosis factor-alpha
MAPK mitogen activated protein kinase
HMEC human mammary epithelial cells
OPG osteoprotegerin
SREBF2 Sterol regulatory element-binding protein transcription factor 2
LXR Liver x receptors
PPARs Peroxisome proliferator—activated receptors
HCC hepatocellular carcinoma
LKB1 liver kinase B1
HMG-CoA synthase 3-hydroxy-3-methylglutaryl-coenzyme A synthase
MCM minichromosome maintenance
PTEN phosphatase and tensin homolog
LTB4 leukotriene B4
MMPs matrix metalloproteinases
PLD Phospholipase D
ACLY ATP citrate lyase
VEGF vascular endothelial growth factor
FGF2 fibroblast growth factor 2
NSAIDs Non-steroidal anti-inflammatory drugs
EETs epoxyeicosatrienoic acid
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STAR steroidogenic acute regulatory
FASN fatty acid synthase
ABCA1 ATP-binding cassette transporter
ACSL1 Acyl-CoA Synthetase Long Chain Family Member 1
AGPAT1 1-Acylglycerol-3-Phosphate O-Acyltransferase 1
SCD Stearoyl-CoA desaturase (Δ-9-desaturase)
RAC Rectal adenocarcinoma
PDAC Pancreatic ductal adenocarcinoma
MUFAs mono-unsaturated fatty acids
SCFA Short-chain fatty acids
PI3K phosphatidylinositol 3-kinase
HIFs hypoxia inducible factors
ESCRT endosomal sorting complexes required for transport
ELOVL6 fatty acid elongase
CPT Carnitine palmitoyltransferase.
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Abstract: A library of 197 endophytic fungi and bacteria isolated from the Amazonian palm tree
Astrocaryum sciophilum was extracted and screened for antibacterial activity against methicillin-resistant
Staphylococcus aureus (MRSA). Four out of five antibacterial ethyl acetate extracts were also
cytotoxic for the MRC-5 cells line. Liquid chromatography coupled to tandem mass spectrometry
(UPHLC-HRMS/MS) analyses combined with molecular networking data processing were carried
out to allow the identification of depsipeptides and cyclopeptides responsible for the cytotoxicity in
the dataset. Specific ion clusters from the active Luteibacter sp. extract were also highlighted using
an MRSA activity filter. A chemical study of Luteibacter sp. was conducted leading to the structural
characterization of eight fatty acid exhibiting antimicrobial activity against MRSA in the tens of
μg/mL range.

Keywords: Astrocaryum sciophilum; endophytes; molecular networking; antibacterial; cytotoxicity;
fatty acids

1. Introduction

Endophytes are microorganisms that live inside the tissues of a host plant without causing
apparent symptoms either for all or a part of their life cycle [1]. This colonization is ubiquitous for
all plants in various environments. Indeed, endophytes have been isolated not only in environments
ranging from tropical to temperate climates but also in extreme habitats [2,3].

Plants are widely explored for new chemical entities with therapeutic purposes. Plant endophytes
are increasingly regarded as an important and a relatively underrated source of natural products for
drug discovery. Recent surveys suggested that tropical forests harbour several million hyperdiverse
endophyte species [4,5] that are expected to lead to the discovery of unique bioactive secondary
metabolites [6]. Additionally, because endophytes contribute to the defence of their host, their
metabolites are expected to exert a defensive role, for example acting as antimicrobials or pathogen
growth-inhibitors [1].

We have pursued the study of the palm tree Astrocaryum sciophilum endophytes. A. sciophilum
grows as an understorey palm throughout the North-East Amazon (Brazil [Pará, Amapá], French
Guiana, Surinam, Guyana) [7]. Its development reflects a long-life cycle with a maturation age reaching
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approximately 170 years. It has periodical leaf production of 16 months on average, allowing the
dating of each leaf [8]. Leaves can reach 20 years of age. As a result, endophytes of this model plant
are thought to persist for a long time in leaves and thus are able to resist environmental threats. For all
of these reasons, A. sciophilum endophytes may have developed antimicrobial weaponry to a greater
extent than other microbes.

A collection of 197 strains of cultivable endophytes from young (<16 months) and old (2–21 years)
healthy leaves collected from 6 specimens of A. sciophilum was cultured, extracted and screened towards
methicillin-resistant Staphylococcus aureus (MRSA). Additionally, the full strain collection was analysed
by high-resolution tandem mass spectrometry profiling (HRMS/MS), and the resulting fragmentation
data were organized as molecular networks (MNs). Molecular networking approaches allow the
organization of untargeted tandem MS datasets according to their spectral similarity, and generate
clusters of structurally related metabolites [9]. These approaches have become powerful tools for
navigating the chemical space of complex biological systems and can be used to view the chemical
constituents of a wide variety of extracts in a single map.

2. Results

2.1. Biological Activities of Endophyte Extracts

The 197 endophyte isolates (66 bacteria and 131 fungi) were identified, cultivated on solid media
and then extracted with ethyl acetate. All of the extracts were tested for antibacterial activity against
methicillin-resistant S. aureus. Five extracts, four from fungi (BSNB-0575, -0651, -0303 and -0732) and
one from bacteria (BSNB -0721) were active (Minimal Inhibitory Concentration (MIC) ≤ 64 μg/mL).
The most active extracts arise from endophytic fungi with MIC of 32 (BSNB-0575 and BSNB-0651), 16
(BSNB-0303) and ≤ 8 μg/mL (BSNB-0732) (Table S1). Three of these four fungal extracts come from the
Fusarium genus (BSNB-0575, -0651 and -0303), and the fourth was identified as Akanthomyces attenuatus.
Extract obtained from bacteria Luteibacter sp. (BSNB-0721) have a MIC value of 64 μg/mL.

The cytotoxicity of all 5 antimicrobial extracts was evaluated using a normal human lung fibroblast
MRC-5 cell line. The bacterial extracts of Luteibacter sp. (BSNB-0721) was not cytotoxic, with an
antibacterial selectivity index above 1 (Table S1).

2.2. Molecular Networking

All active and inactive ethyl acetate (EtOAc) extracts were analysed by Ultra-High Performance
Liquid Chromatography-High Resolution Mass Spectrometry (UHPLC-HRMS/MS) using the
data-dependent acquisition mode. Data were first processed by MZmine 2.33 [10], generated by
MetGem [11] and molecular networks (MNs) were visualized using Cytoscape 3.7.0.

Relative quantification of the ions was represented by pie chart diagrams, with their proportions
based on the respective areas of the corresponding extracted ion chromatograph (XIC) areas [12].
Targeted analysis of the MN was made possible by colouring the nodes based on the extract’s
antibacterial activity, highlighting node clusters among the antibacterial extracts.

A first MN was built with the data from the 131 fungal extracts (Figure S1) composed of 28,719
nodes in 13,060 clusters. Eleven clusters contained nodes from the four active fungal extracts. MS2

spectra of the ions at m/z 640.42, 654.43, 668.45 (Cluster 2), 600.41, 552.41, 586.39 (Cluster 1) and 730.42
(Cluster 9) matched respectively with three depsipeptides, three pentacyclopeptide and Exumolide A
(another depsipeptide) referenced in the available libraries (See Figure 1 and Figure S2). Examination
of the MS2 spectra of other active clusters showed that these compounds share MS2 fragmentation
patterns that are similar to that of a peptide because of the typical loss of fragment at m/z 113.08
(Leucine/Isoleucine), m/z 99.07 (Valine), m/z 71.04 (Alanine) and m/z 101.05 (Threonine) (See Figure S2).
According to the MN, these compounds are also found in extracts with MIC of 128 μg/mL from other
Fusarium strains. Differences of activity for these extracts can be explained by the relative quantities of
metabolites in the extracts (Figure S3).
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Figure 1. (A) Molecular network (MN) of the 131 extracts from fungal endophytes. Relative
quantification values of each ion within the extracts are represented as an extracted ion chromatograph
(XIC) area-dependent pie chart. (B) Dereplication process nodes belongings to cluster 2 composed by
ions from the extracts of BSNB-0575 and BSNB-0651. Cluster 2 appears to group the ions corresponding
to depsipeptides metabolites. MIC, Minimal Inhibitory Concentration.

The MN generated from the data of the 66 bacterial endophytes extract is composed of 13,763
nodes in 4485 clusters (Figures S4 and S5). This MN showed clusters containing nodes from the one
active extract of Luteibacter sp. BSNB-0721 (Figure 2A). Comparison of experimental spectral MS2 data
obtained with databases supported the dereplication of a cluster with fatty acids analogues (Figure 2B).
Consequently, the dereplication process could highlight the presence of fatty acid derivatives in
Luteibacter extract. Other clusters contained nodes specific to the extract of the Luteibacter sp. strain
and indicated a valuable chemical diversity in this particular strain.
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Figure 2. (A) Molecular network of the 66 extracts from bacterial endophytes. Relative quantification
values of each ion within the extracts are represented as a XIC area-dependent pie chart. (B) Clusters of
ions from the active extracts of Luteibacter sp. BSNB-0721.

2.3. Isolated Compounds from Luteibacter sp. BSNB-0721

The ethyl acetate extract of Luteibacter sp. BSNB-0721 was subjected to bioguided fractionation
and eight pure compounds were isolated from the three active fractions (See Table S2). All isolated
compounds have been determined by spectroscopic data (Figures S6–S29). These compounds were
identified as fatty acids with an aliphatic chain of between 15 and 17 carbons that may be terminated with
an isopropyl group. Five bear a hydroxyl group on position 2: (R)-2-hydroxy-13-methyltetradecanoic
acid (1) or on position 3 (R)-3-hydroxy-14-methylpentadecanoic acid (2), (S)-β-hydroxypalmitic acid
(3), (R)-3-hydroxy-15-methylhexadecanoic acid (4) and (R)-3-hydroxy-13-methyltetradecanoic acid
(5). We also isolated and identified 13-methyltetradecanoic acid (6) that does not exhibit a hydroxyl
group. The configurations of the compounds were determined by measuring the optical rotation and
comparing with the corresponding literature values.

Compounds (7) and (8) presented an unsaturated chain. Based on the coupling constant of
the multiplet (δH 5.35), the Z configuration was determined. The localization of the unsaturation
was determined by MS2 analysis using the method described by Vrkoslav and Cvacka [13]. After
esterification, the two molecules were subjected to atmospheric pressure chemical ionization (APCI)
leading to the formation of [M+C3H5N]+ adducts. Careful analysis of the MS2 data allowed the
determination of the double bonds’ position (Figures S30 and S31). These two compounds were finally
identified as (9Z)-hexadecenoic acid (7) and 15-Methyl-(9Z)-hexadecenoic acid (8).

These fatty acids were tested for their antimicrobial activities against MRSA. They showed MIC
values ranging from 128 to 32 μg/mL. The most active compound (7) is a C17 fatty acid with a Z double
bond at C-9. Fatty acids with hydroxyl at C-3 (2 – 5) or gem-dimethyl at the final position (8) appear to
have lower antibacterial activities (Table 1).
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Table 1. Minimal Inhibitory Concentration (MIC) of compounds 1–8 against methicillin-resistant S.
aureus.

Fatty Acid MIC on MRSA 1 (μg/mL)

1

 

64

2
 

128

3
 

128

4
 

128

5
 

ND

6
 

128

7

 
32

8

 

64

1 Positive Control: Vancomycin (MIC= 1μg/mL). ND=Not Determined. MRSA=methicillin-resistant Staphylococcus
aureus.

3. Discussion

Our study, related to the secondary metabolites of the plant host model Astrocaryum sciophilum’s
associated microorganisms, demonstrated that isolated endophytic strains could produce antibacterial
compounds. Indeed, six out of 197 endophytic extracts displayed significant antimicrobial activity.

The four antibacterial extracts derived from fungi (three Fusarium strains and one Akanthomyces
strain) also exhibited cytotoxic activity against MRC-5 cells. Thus, there is a high probability that the
antibacterial activity of these extracts depends on the presence of cytotoxic secondary metabolites.
Using a molecular networking-based approach, several structurally related analogues of depsipeptide
and cyclic peptide - molecules known to be cytotoxic - were highlighted from four active fungal extracts.
Depsipeptides have been frequently isolated from fungi belonging to the Fusarium genus [14]. More
precisely, three cyclic pentapeptides and a cyclic lipopeptide Fusaristatin A were isolated from a strain
of Fusarium decemcellular [15]. The isolation of a strain from the Akanthomyces genus is quite surprising
because it is known as a spider parasitic genus. Previous chemical studies of species from this genus
have led to the isolation of glycosylated derivatives [16] and pyrone derivatives [17]. Nevertheless,
the prediction of numerous peptides in the four active fungal extracts could explain their biological
activities. To the best of our knowledge, the present work represents the first time that this class of
compounds was detected in the Akanthomyces genus.

Of the 66 isolated and extracted bacteria, two shown an antibacterial activity with no cytotoxicity:
one Luteibacter strain (BSNB-0721) and one Bacillus strain (BSNB-0730).

Bacteria from the genus Luteibacter were first isolated from the rhizosphere of Barley [18]. To date,
three species of this genus have been described: L. anthropi, L. yeojuensis [19] and L. rhizovicinus. No
chemical study has ever been performed on this genus, and the analysis of the UHPLC-HRMS/MS data
of its EtOAc extract presumed the presence of specific unknown metabolites and fatty acid derivatives.
Thus, the extract from the Luteibacter sp. (BSNB-0721) was selected for further investigation in order
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to identify bioactive compounds against MRSA. Eight fatty acid derivatives were isolated in the
present study as the major compounds of the EtOAc extract. They appeared to be responsible for the
antibacterial activity observed in the crude extract. Nevertheless, ions from the MN cluster unique
to the Luteibacter extract were not recovered with a fractionation by reverse-phase chromatography
because they may be produced in minute amounts and should be further investigated.

The antifungal and bactericidal properties of fatty acids (FA) have been widely studied. Their
mechanisms of action are not completely understood; however, it is accepted that FA disrupt
cell membranes [20,21]. Many studies have analysed the relationships between FA structure and
antibacterial activity, and some general trends have been elucidated. Saturated fatty acids composed of
12 carbons in the chain appear to be the most active, and their activity decreases as the chain becomes
either longer or shorter [20,22]. The presence of a Z double bond was found to increase the antibacterial
activity of a fatty acid, whereas a trans configuration leads to an inactive compound [22]. Moreover, a
free carboxyl group allows better antibacterial activity than that of esterified fatty acids [23]. These
molecules may be an alternative to the common antimicrobial agents for applications in agriculture,
food preservation or cosmetics [22,24]. Such literature data may explain, in part, the highest activity
observed in this study for compounds 1, 7 and 8. Indeed, it is observed in our study that there is no
difference in the activity between unbranched and isobranched FA. The presence of a hydroxyl group
at position 3 does not appear to increase the antibacterial activity but may increase the solubility of
these compounds. However, in agreement with the literature data, we noticed that the presence of a Z
double bond enhances antibacterial activity. Luteibacter’s ability to produce such a panel of FA must be
correlated with its ability for defence against aggressors and must improve its survival. The origin of
the FA remains uncertain. In fact, they could be sequestered in the membranes until quick release by
some lipases during bacterial attack. Further investigation to identify their biosynthetic origin should
be performed later.

4. Materials and Methods

4.1. General

Optical rotations were measured using an Anton Paar MCP 200 polarimeter (Anton Paar Graz,
Austria) in a 350 μL cell with a length of 100 mm. NMR spectra were recorded in CD3OD using
a Bruker 500 MHz spectrometer or a Bruker 600 MHz spectrometer equipped with a 2 mm invers
detection probe (Bruker, Rheinstetten, Germany). Chemical shifts (δ) are reported in ppm relative to
the TMS (tetramethylsilane) signal. Coupling constants (J) are in Hertz. High-resolution ESITOFMS
measurements were performed using a Waters Acquity UPLC system (Waters, Manchester, England)
with a column bypass coupled to a Waters Micromass LCT (Low Chromatography Times-of-flight)
Premier time-of-flight mass spectrometer equipped with an electrospray interface (ESI). Flash
chromatography was performed using a Grace Reveleris system equipped with a 120 g C18 column.
The flow rate was 80 mL/min, and detection was performed with dual UV at 210 and 270 nm and
ELSD (Evaporative Light Scattering Detector). Analytical and preparative HPLC experiments were
conducted using a Gilson system equipped with a 322 pumping device, GX-271 fraction collector, 171
diode array detector and prepELSII detector electrospray nebulizer. The columns used for analytical
experiments included a Phenomenex Luna C18 5 μm 4.6 × 250 mm and a Phenomenex Luna C8 5 μm
4.6 × 250 mm. The columns used for preparative experiments included a Phenomenex Luna C18 5 μm
21.2 × 250 mm and a Phenomenex Luna C8 5 μm 21.2 × 250 mm (Phenomenex, Le Pecq, France). The
flow rates were 1 mL/min and 21 mL/min, respectively, for analytical and preparative experiments and
were carried out using a linear gradient of H2O mixed with an increasing proportion of acetonitrile
(CH3CN). Both solvents were modified with 0.1% formic acid. All of the solvents used for analysis
were of HPLC grade.
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4.2. Endophyte Material

Astrocaryum sciophilum palm trees were sampled in French Guiana in Piste de Saint-Elie, Sinnamary,
in July 2014. The general procedures adopted for the isolation of the microorganisms followed the
methodology described by Casella et al. [25]. After collection, the plant material was washed with
sterile water and its surface was sterilized by immersion in 70% aqueous ethanol (3 min), followed by
immersion in a 5% aqueous sodium hypochlorite (5 min) and finally in 70% aqueous ethanol (1 min).
The leaves were cut into small pieces (1–0.5 cm2) that were placed in a potato dextrose agar medium
(potato dextrose agar (PDA), Fluka Analytical, Steinheim, Germany) in Petri dishes at 28 ◦C (4–5 parts
per Petri dishes). Each individual hyphal tip of emerging fungi was removed and placed in a sterile
PDA culture medium in 10 cm Petri dishes. The leaf fragments were cultured for a maximum of
1 month. All of the isolated endophytic strains were deposited in the “ICSN/CNRS Strain Library
France”. The strains are maintained in triplicate at −80 ◦C in a 2 mL cryotube containing 1 mL of a
solution of glycerol and water (1:1).

4.3. Identification of Endophytic Strains

Fungal and bacterial strains were identified using nucleotides sequencing of rDNA ITS (ITS1-5,
8S-ITS2) and rDNA 16S regions, respectively. The obtained sequences were then submitted to BLAST
on NCBI to identify the strain. The sequence data were submitted to GenBank with an accession
number for each strain (Table S1).

4.4. Cultures and Extraction

Each strain was cultivated at 28 ◦C in 10 Petri dishes (10 cm diameter) of the PDA culture media.
Then, the culture was extracted with ethyl acetate (EtOAc) at room temperature for 24 h. The organic
phase was removed via filtration, washed three times with H2O, dried with anhydrous solid Na2SO4

and evaporated using a rotary evaporator under reduced pressure to yield a crude mixture. An extract
of the culture media without microorganisms was also conducted.

4.5. UPLC-HRMS Analysis

Chromatographic separation was performed using an Acquity UHPLC system interfaced to a
Q-Exactive Plus mass spectrometer (Thermo Scientific, Bremen, Germany), using a heated electrospray
ionization (HESI-II) source. Thermo Scientific Xcalibur 2.1 software was used for instrument control
and data analysis. The LC conditions were as follows: column, Waters BEH (Ethylene Bridget Hybrid)
C18 50 × 2.1 mm, 1.7 μm; mobile phase, (A) water with 0.1% formic acid; (B) acetonitrile with 0.1%
formic acid; flow rate, 600 μL/min; injection volume, 1 μL; gradient, linear gradient of 5−100% B over
7 min and isocratic at 100% B for 1 min. An Acquity UPLC photodiode array detector was used to
acquire the PDA spectra which were collected in the 200–500 nm range. In the positive ion mode,
the di-isooctyl phthalate C24H38O4 [M +H]+ ion (m/z 391.28429) was used as the internal lock mass.
The optimized HESI-II parameters were as follows: source voltage, 3.5 kV (pos); sheath gas flow
rate (N2), 55 units; auxiliary gas flow rate, 15 units; spare gas flow rate, 3.0; capillary temperature,
275.00 ◦C (pos), S-Lens RF Level, 45. The mass analyser was calibrated using a mixture of caffeine,
methionine−arginine− phenylalanine−alanine−acetate (MRFA), sodium dodecyl sulphate, sodium
taurocholate, and Ultramark 1621 in an acetonitrile/methanol/water solution containing 1% formic
acid by direct injection. The data-dependent MS/MS events were performed on the four most intense
ions detected in full scan MS (Top3 experiment). The MS/MS isolation window width was 1 Da, and
the normalized collision energy (NCE) was set to 35 units. In the data-dependent MS/MS experiments,
full scans were acquired at a resolution of 35,000 FWHM (at m/z 200) and MS/MS scans were acquired
at 17,500 FWHM both with a maximum injection time of 50 ms. After being acquired in a MS/MS scan,
the parent ions were placed on the dynamic exclusion list for 2.0 s.
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4.6. MZmine 2.33 Data-Preprocessing Parameters

Raw files were converted into MzXML (mass spectrometry data format) files using the MSConvert
software. Then, MzXML files were processed using Mzmine 2.37 [10]. Mass detection was carried out
with a centroid mass detector with the noise level set to 5.0E5 for the MS level set to all. The ADAP
(Automated Data Analysis Pipeline) chromatogram builder [26] was achieved using a minimum group
size of scans of 5, a minimum group intensity threshold of 5.0E5, a minimum highest intensity of 5.0E5
and a m/z tolerance of 0.002 or 5 ppm. The wavelets (ADAP) algorithm was used for the chromatogram
deconvolution with the following settings: S/N threshold of 10, an intensity window SN, a minimum
feature height of 1000, a coefficient area threshold of 100, a peak duration range between 0.01 and 0.5
and an RT wavelet range between 0.001 and 0.05. The m/z and RT range for MS2 scan pairing were set to
0.001 Da and 0.3 min, respectively. Chromatograms were deisotoped using the isotopic peaks grouper
algorithm with an m/z tolerance of 0.003 (5 ppm), RT tolerance of 0.1 (absolute), maximum charge of 2
and the representative isotope used was the most intense. Peak alignment was performed using the
join aligner method: m/z tolerance of 0.001 or 5.0 ppm, weight for m/z of 0.001, RT tolerance of 0.3 min,
weight for RT of 0.1. Adduct search (Na+, K+, NH4

+, ACN+) was conducted on the peak list with an
RT tolerance set to 1.0 min and the maximum relative peak height at 50%. The found adducts were
then removed from the peak list. The peak list was gap-filled with the peak finder module: intensity
tolerance of 90%, m/z tolerance of 0.001 or 5.0 ppm and RT tolerance of 0.1 min. For further analysis,
the peak list was reduced to the ions with the m/z values between 200 and 900, in order to decrease the
number of data.

4.7. Molecular Network Analysis

After preprocessing the UHPLC-HRMS/MS data with MZmine 2.33, the output mgf file was
processed with the MetGem software [11] to give a network containing nodes distributed in clusters.
To decrease the size of the peak list, ions with the m/z values of 200-900 and/or selfloop nodes can
be removed. Networks were generated using the following parameters: m/z tolerance set to 0.02,
Minimum Matched Peaks set to 6, topK set to 10, Minimal Cosine score Value of 0.7 and Max. Connected
Component Size of 100. Then, the associated CSV file was loaded. For the mapping process, the
relative quantification of each ion was represented by pie chart-diagrams for which the proportions
were based on the respective areas of the corresponding extracted ion chromatograph areas (XIC).
Then, the analogues of the spectra in the network were searched in the available spectral libraries.
The library spectra were filtered in the same manner as the input data. All of the matches between
network spectra and library spectra were required to have a score above 0.7 and at least 6 matched
peaks. The m/z tolerance for the analogues’ search was set to 100. For a more advanced retreatment of
the network, the MN was also exported to the Cytoscape 3.7.0 software (https://cytoscape.org/).

4.8. Large-Scale Cultivation of Luteibacter sp. and Isolation

Strains were cultivated 15 days at 28 ◦C in 14 cm Petri dishes of PDA (potato dextrose agar) media.
Culture media was extracted three times consecutively with ethyl acetate (EtOAc) at room temperature
(the organic phase after 24 h and replacing the remaining agar in EtOAc). The combined organic
solution was washed as described above.

Large-scale cultivation of Luteibacter sp. was conducted on 210 14 cm Petri dishes to yield
1.96 g of a brown-yellow crude extract. This crude extract (1.8 g) was fractionated by reverse flash
chromatography on a C18 column with a 5-min-step gradient of water mixed with an increasing
proportion of acetonitrile (v/v, 95:5, 75:25, 50:50, 20:80 and 0:100). Six fractions were generated based
on the UV and ELSD detection: F1 (22.2 mg, 1.2%), F2 (165.5 mg, 9.2%), F3 (93.6 mg, 5.2%), F4 (41.0 mg,
2.3%), F5 (46.3 mg, 2.6%) and F6 (563.8 mg, 31.3%). A step gradient of acetonitrile—methylene chloride
(v/v, 50:50–0:100) was conducted to generate 2 additional fractions: F7 (334.4 mg, 18.6%), F8 (91.8 mg,
5.1%).
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F4 (35.0 mg) was purified by preparative HPLC (Luna C18, mobile phase H2O + 0.1% FA/CH3CN
+ 0.1% FA, isocratic elution 60:40 during 6 min then linear gradient from 60:40 to 0:100 over 13 min,
flow rate 21 mL/min) to obtain (R)-3-hydroxy-13-methyltetradecanoic acid (5) (0.2 mg, tR = 26.5 min).
F5 (41.4 mg) was purified by preparative HPLC (Luna C8, mobile phase H2O + 0.1% FA / CH3CN +
0.1% FA, isocratic elution 40:60 during 6 min then linear gradient from 40:60 to 0:100 over 13 min,
flow rate 21 m/min) to obtain (R)-2-hydroxy-13-methyltetradecanoic acid (1) (3.7 mg, tR = 14.0 min),
(R)-3-hydroxy-14-methylpentadecanoic acid (2) (1.5 mg, tR = 15.3 min), (S)-β-hydroxypalmitic acid (3)
(1.9 mg, tR = 15.6 min) and 9Z-hexadecenoic acid (7) (0.4 mg, tR = 21.5 min). F6 (258.0 mg) was purified
by preparative HPLC (Luna C8, mobile phase H2O + 0.1% FA / CH3CN + 0.1% FA, isocratic elution
35:65 during 30 min, flow rate 21 mL/min) to obtain (R)-3-hydroxy-15-methylhexadecanoic acid (4)
(7.2 mg, tR= 15.0 min), 9Z-hexadecenoic acid (7) (30.7 mg, tR = 21.0 min), 13-methyltetradecanoic acid
(6) (62.2 mg, tR = 24.0 min) and 15-methyl-9Z-hexadecenoic acid (8) (63.8 mg, tR = 27.0 min).

(R)-2-hydroxy-13-methyltetradecanoic acid (1): White powder. [α]D
20 = −5.6 (c = 0.5, chloroform).

1H-NMR (500 MHz, CD3OD): 4.07 (1H, dd, J = 7.4, 4.4, H-2), 1.75 (1H, m, H-3), 1.63 (1H, m, H-3), 1.52
(1H, non, J = 6.7, H-3), 1.44 (2H, m, H-4), 1.30 (14H, s, H-5 to H-11), 1.17 (2H, m, H-11), 0.88 (6H, d, J = 6.8,
H-14, H-15). 13C-NMR (500 MHz, CD3OD): 178.6 (C-1), 71.9 (C-2), 40.4 (C-12), 35.7 (C-3), 31.2–30.8 (5C,
C-6 to C-10), 30.7 (C-5), 29.3 (C-13), 28.7 (C-11), 26.3 (C-4), 23.2 (2C, C-14, C-15). HR-ESI-MS: 257.2109
([M − H]−, C15H29O3

−; calc. 257.2122), 515.4294 ([2M − H]−, C30H59O6
−: calc. 515.4317).

(R)-3-hydroxy-14-methylpentadecanoic acid (2): White powder. [α]D
20 = −5.6 (c = 0.5, chloroform).

1H-NMR (600 MHz, CD3OD): 3.96 (1H, m, H-3), 2.42 (1H, dd, J = 15.1, 4.7, H-2), 2.34 (1H, dd, J = 15.1,
8.2, H-2), 1.52 (1H, non, J = 6.7, H-14), 1.47 (4H, m, H-4, H-5), 1.30 (14H, s, H-5 to H-12), 1.18 (2H, m,
H-13), 0.88 (6H, d, J = 6.8, H-15, H-16). 13C-NMR (600 MHz, CD3OD): 176.7 (C-1), 69.6 (C-3), 43.7 (C-2),
40.4 (C-13), 38.2 (C-4), 31.2-30.9 (6C, C-6 to C-11), 29.3 (C-14), 28.7 (C-12), 26.8 (C-5), 23.2 (2C, C-15,
C-16). HR-ESI-MS: 271.2274 ([M − H]−, C16H31O3

−; calc. 271.2279), 543.4611 ([2M − H]−, C32H63O6
−;

calc. 543.4630).

(S)-β-hydroxypalmitic acid (3): White powder. [α]D
20 = +18 (c = 0.1, chloroform). 1H-NMR (600 MHz,

CD3OD): 3.97 (1H, m, H-3), 2.43 (1H, dd, J = 15.1, 4.7, H-2), 2.36 (1H, dd, J = 15.1, 8.2, H-2), 1.47 (4H, m,
H-4, H-5), 1.30 (20H, s, H-6 to H-15), 0.90 (3H, t, J = 7.2, H-16). 13C-NMR (600 MHz, CD3OD): 176.1
(C-1), 69.5 (C-3), 43.5 (C-2), 38.3 (C-4), 33.2 (C-14), 30.9-30.6 (8C, C-6 to C-13), 26.8 (C-5), 23.9 (C-15), 14.6
(C-16). HR-ESI-MS: 271.2274 ([M −H]-, C16H31O3

-; calc. 271.2279), 543.4611 ([2M − H]−, C32H63O6
−;

calc. 543.4630).

(R)-3-hydroxy-15-methylhexadecanoic acid (4): White powder. [α]D
20 = −20 (c = 0.1, chloroform).

1H-NMR (500 MHz, CD3OD): 3.96 (1H, m, H-3), 2.43 (1H, dd, J = 15.1, 4.7, H-2), 2.35 (1H, dd, J = 15.2,
8.2, H-2), 1.53 (1H, non, J = 6.7, H-15), 1.47 (2H, m, H-4), 1.30 (18H, s, H-5 to H-12), 1.18 (2H, m, H-14),
0.88 (6H, d, J = 6.6, H-16, H-17). 13C-NMR (500 MHz, CD3OD): 176.5 (C-1), 69.7 (C-3), 43.7 (C-2), 40.4
(C-14), 38.3 (C-4), 31.2-30.9 (7C, C-6 to C-12), 29.3 (C-15), 28.7 (C-12), 26.8 (C-5), 23.2 (2C, C-15, C-16).
HR-ESI-MS: 285.2431 ([M −H]−, C17H33O3

−; calc. 285.2435), 571.4926 ([2M −H]−, C34H67O6
−; calc.

571.4943).

(R)-3-hydroxy-15-methylhexadecanoic acid (4): White powder. [α]D
20 = −20 (c = 0.1, chloroform).

1H-NMR (500 MHz, CD3OD): 3.96 (1H, m, H-3), 2.43 (1H, dd, J = 15.1, 4.7, H-2), 2.35 (1H, dd, J = 15.2,
8.2, H-2), 1.53 (1H, non, J = 6.7, H-15), 1.47 (2H, m, H-4), 1.30 (18H, s, H-5 to H-12), 1.18 (2H, m, H-14),
0.88 (6H, d, J = 6.6, H-16, H-17). 13C-NMR (500 MHz, CD3OD): 176.5 (C-1), 69.7 (C-3), 43.7 (C-2), 40.4
(C-14), 38.3 (C-4), 31.2-30.9 (7C, C-6 to C-12), 29.3 (C-15), 28.7 (C-12), 26.8 (C-5), 23.2 (2C, C-15, C-16).
HR-ESI-MS: 285.2431 ([M −H]−, C17H33O3

−; calc. 285.2435), 571.4926 ([2M −H]−, C34H67O6
−; calc.

571.4943).

(R)-3-hydroxy-13-methyltetradecanoic acid (5): White powder. [α]D
20 = −15 (c = 0.1, chloroform).

1H-NMR (600 MHz, CD3OD): 3.89 (1H, s, H-3), 2.33 (1H, m, H-2), 2.24 (1H, m, H-2), 1.52 (1H, m, H-13),
1.45 (4H, s, H-4, H-5), 1.30 (12H, s), 1.18 (2H, s, H-12), 0.88 (6H, d, J = 6.6, H-14, H-15). 13C-NMR (600
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MHz, CD3OD): 176.5 (C-1), 70.4 (C-3), 45.3 (C-2), 40.4 (C-12), 38.2 (C-4), 31.2-30.9 (5C, C-6 to C-10), 29.3
(C-13), 28.7 (C-11), 26.8 (C-5), 23.1 (2C, C-14, C-15). HR-ESI-MS: 257.2101 ([M − H]−, C15H29O3

−; calc.
257.2122), 515.4285 ([2M − H]−, C30H59O6

−; calc. 515.4317).

13-methyltetradecanoic acid (6): White powder. 1H-NMR (500 MHz, CD3OD): 2.27 (1H, t, J = 7.4,
H-2), 1.60 (1H, m, H-3), 1.52 (1H, non, J = 6.6, H-13), 1.30 (16H, s, H-4 to H-11), 1.18 (1H, m, H-12), 0.88
(6H, d, J = 6.7, H-14, H-15). 13C-NMR (500 MHz, CD3OD): 177.9 (C-1), 40.4 (C-11), 35.2 (C-2), 31.2-30.4
and 28.7 (8C, C-4 to C-10), 29.3 (C-13), 26.3 (C-3), 23.2 (2C, C-14, C-15). HR-ESI-MS: 241.2168 ([M −H]−,
C15H29O2

−; calc. 241.2173), 483.4432 ([2M − H]−, C30H59O4
−; calc. 483.4419).

9Z-hexadecenoic acid (7): yellow oily liquid. 1H-NMR (500 MHz, CD3OD): 5.35 (2H, dt, J = 11.3, 6.2,
H-9, H-10), 2.27 (2H, t, J = 7.5, C-2), 2.03 (4H, m, H-8, H-11), 1.60 (2H, m, H-3), 1.33 (16H, s), 0.90 (3H, t,
J = 6.9, H-16). 13C-NMR (500 MHz, CD3OD): 178.0 (C-1), 131.1 (C-10), 130.9 (C-11), 35.3 (C-2), 33.1
(C-14), 31.0 (s, C-13), 31.0-30.2 (5C, C-4 to C-8), 28.3 (2C, C-9, C-12), 26.3 (C-3), 23.9 (C-15), 14.6 (C-16).
HR-ESI-MS: 255.2326 ([M + H]+, C16H31O2

+; calc. 255.2319), 253.2164 ([M − H]−, C16H29O2
−; calc.

253.2162), 507.4426 ([2M − H]−, C32H59O4
−; calc. 507.4408).

15-methyl-9Z-hexadecenoic acid (8): yellow oily liquid. 1H-NMR (500 MHz, CD3OD): 5.35 (2H, dt,
J = 11.3, 6.2, H-10, H-11), 2.27 (2H, t, J = 7.4, H-2), 2.04 (4H, m, H-9, H-12), 1.60 (2H, m, H-3), 1.53 (1H,
non, J = 6.7, H-15), 1.33 (12H, s), 1.19 (2H, m, H-14), 0.88 (6H, d, J = 6.6, H-16, H-17). 13C-NMR (500
MHz, CD3OD): 177.9 (C-1), 131.0 (2C, C-10, C-11), 40.3 (C-14), 35.2 (C-2), 31.3-30.3 (5C, C-4 to C-8),
29.3 (C-15), 28.3 (2C, C-9, C-11), 28.3 (C-13), 26.3 (C-3), 23.2 (2C, C-16, C-17). HR-ESI-MS: 269.2484
([M + H]+, C17H33O2

+; calc. 269.2475), 267.2334 ([M − H]−, C17H31O2
−; calc. 267.2330), 535.4756

([2M − H]−, C16H31O2
−; calc. 535.4721).

4.9. Preparation of Fatty Acid Methyl Esters (FAMEs)

Preparation of FAMEs was carried out based on methanolysis/methylation using conc.
Hydrochloric acid (HCl) as described by Ichihara and Fukubayashi [27]. A solution of 8.0% (w/v) HCl
was obtained by diluting conc. HCl (37%, w/w; 9.1 mL) in methanol (40.9 mL). Each fatty acid was
dissolved in toluene to reach a concentration of 0.005 g/mL. Then, methanol (7.5-fold) and 8.0% HCl
solution (1.5-fold) were added sequentially to this solution. The solution was stirred at 45◦C overnight.
After cooling at room temperature, hexane (5-fold) and water (5-fold) were added for the extraction of
FAMEs. HCl (37%, w/w) was purchased from Carlo Erba©.

FAMEs were then diluted in CH2Cl2 to a concentration of 2 mg/mL and then were diluted in
CH3CN to the concentration 200 μg/mL. These solutions were analysed by MS/MS on a Q-ToF 6540
mass spectrometer (Agilent, Les Ulis, France) by direct introduction at a flow rate of 10 μL/min and
using an APCI (Atmospheric Pressure Chemical Ionization) ion source in the positive mode. The corona
current was set to 2 μA, the nebulizer pressure was 60 psig and 8 L/min nitrogen flow heated at 300 ◦C
was used for desolvation. Capillary, fragmentor and skimmer voltages were set to 3000 V, 100 V, and
45 V, respectively. CH2Cl2 and CH3CN were purchased from J.T. Baker©. The MS/MS collision energy
was 15 (arbitrary units).

4.10. Determination of Minimal Inhibitory Concentration

The ATCC strains were purchased from the Pasteur Institute. The strain used in this study
was methicillin-resistant S. aureus ATCC33591. Extracts, fractions and pure compounds were tested
according to the reference protocol of the European Committee on Antimicrobial Susceptibility
Testing [28]. The standard microdilution test as described by the Clinical and Laboratory Standards
Institute guidelines (M7-A8) was used to determine minimal inhibition concentrations (MIC) against
bacteria [29]. Crude extracts and pure compounds were tested at concentrations ranging from 256
to 0.5 μg/mL. The microplates were incubated at 35 ◦C, and MIC values were calculated after 24 h.
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The MIC values reported in Table S2 refer to the lowest concentration preventing visible growth in the
wells. All assays were conducted in triplicate.

4.11. Cytotoxicity Evaluation

The crude extract for each strain was tested to determine its cytotoxicity using the MRC-5 (ATCC
CCL-171) normal human lung fibroblast cells (LGC standards, Molsheim, France). MRC-5 cells were
seeded into 96-well microplates at 2000 cells per well. The assay was conducted according to the
procedure described by Tempête et al. [30]. After 24 h in wells, solubilized extracts in DMSO are
deposited in triplicate as well as the solvent and docetaxel (Taxotère) controls. Cell viability is evaluated
in comparison with untreated control cultures after 3 days. Extracts are tested at the concentration of
10 μg/mL.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/8/2006/
s1.
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Abbreviations

MRSA Methicillin-resistant Staphylococcus aureus
UHPLC-HRMS/MS Ultra-High Performance Liquid Chromatography-High Resolution Mass Spectrometry
MIC Minimal Inhibitory Concentration
EtOAc Ethyl acetate
MN Molecular Network
XIC Extracted Ion Chromatogram
PDA Potato Dextrose Agar
FAME Fatty Acid Methyl Ester
FA Formic Acid
HCl Hydrochloric acid
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Abstract: A biological evaluation of a library of extracts from entomopathogen strains showed that Pantoea
sp. extract has significant antimicrobial and insecticidal activities. Three hydroxyacyl-phenylalanine
derivatives were isolated from this strain. Their structures were elucidated by a comprehensive
analysis of their NMR and MS spectroscopic data. The antimicrobial and insecticidal potencies of
these compounds were evaluated, and compound 3 showed 67% mortality against Aedes aegypti larvae
at a concentration of 100 ppm, and a minimum inhibitory concentration (MIC) of 16 μg/mL against
methicillin-resistant Staphylococcus aureus. Subsequently, hydroxyacyl-phenylalanine analogues were
synthesized to better understand the structure-activity relationships within this class of compounds.
Bioassays highlighted the antimicrobial potential of analogues containing saturated medium-chain
fatty acids (12 or 14 carbons), whereas an unsaturated long-chain fatty acid (16 carbons) imparted
larvicidal activity. Finally, using a molecular networking-based approach, several close analogues of
the isolated and newly synthesized lipoamino acids were discovered in the Pantoea sp. extract.

Keywords: hydroxyacyl-phenylalanine; lipoamino acid; entomopathogen; bacteria; antimicrobial;
larvicidal; Aedes aegypti

1. Introduction

The development of novel antimicrobial and insecticidal agents is urgently needed to improve
public health worldwide. Indeed, drug-resistant pathogenic microorganisms such as methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant S. aureus (VRSA), and vancomycin-resistant Enterococci
(VRE) have emerged [1]. Other Gram-negative pathogens are particularly worrisome because they are
becoming resistant to nearly all of the antibiotic drugs currently available, including carbapenems [2].
These pathogens have become a major clinical problem, causing significant mortality in both healthy
hosts and in those with underlying comorbidities [3]. Thus, it is essential to investigate new drugs
to address the decreasing efficiency of the currently available antibiotics [2]. Another major public
health problem concerns mosquitoes and their ability to spread pathogens such as malaria parasites,
dengue, chikungunya, and more recently the Zika virus. The World Health Organization (WHO)
estimated that more than 80% of the world’s population is at risk of contracting vector-borne diseases,
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and each year more than 700,000 people die as a result [4]. Aedes sp. mosquitoes are the primary
vector for transmitting arboviruses worldwide [5]. Today, the two main approaches to control them
involve genetic modification or the application of chemicals. Synthetic chemicals including pyrethroids
or organophosphates such as temephos and malathion have been sprayed into the environment for
decades. However, most of these synthetic chemicals have adverse effects, leading to the development
of resistance, environmental pollution, and the introduction of toxic hazards to humans and other
nontarget organisms [6]. Furthermore, the abuse and/or misuse of these compounds has resulted in
the loss of vector control efficacy. Thus, specific safer pesticides are urgently needed [7].

Natural products have proven to be an immeasurable source of bioactive compounds [8].
Entomopathogenic microorganisms, the natural enemies of insects, are known to produce bioactive
metabolites that have been implicated in complex defense and self-protection mechanisms. Indeed,
to achieve ecological success, they produce several chemical entities including insecticides and/or
antimicrobial metabolites [9].

As part of our investigation into the secondary metabolites produced by entomopathogenic
microorganisms, a collection of 53 strains was extracted and screened against Aedes aegypti mosquito
larvae and human pathogenic microorganisms (Staphylococcus aureus, MRSA, Candida albicans,
and Trichophyton rubrum). The extract from the bacterium Pantoea sp. SNB-VECD14B exhibited a
mortality rate of 97.2% against Ae. aegypti. larvae at a concentration of 100 ppm and a minimum
inhibitory concentration (MIC) of 16 μg/mL against T. rubrum. In addition, the full strain collection was
profiled by high-resolution mass spectrometry and the resulting fragmentation data were organized as
a single molecular network. This molecular networking approach allowed us to organize untargeted
tandem MS datasets according to their spectral similarity and thus to group analytes by structural
similarity [10]. Similar approaches have served as powerful tools to navigate the chemical space of
complex biological matrices and can be used to view the chemical constituents of a wide variety of
extracts in a single map [11,12]. Appropriate taxonomical color mapping allowed us to highlight
a structurally related series of compounds also produced by Pantoea sp. that was selected for
further investigation.

2. Results and Discussion

2.1. Isolation and Structure Elucidation

The EtOAc extract of Pantoea sp. SNB-VECD14B was subjected to bioguided preparative high
performance liquid chromatography (HPLC) using a C18 silica gel column to yield three pure
compounds (1–3) (Figure 1).

 

Figure 1. Compounds (1–3) isolated from Pantoea sp.
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The molecular formula of compound 1 was determined to be C23H37NO4 via HRESI-TOFMS
analysis which gave a pseudomolecular ion at m/z 392.2769 [M+H]+ (calculated for C23H38NO4

+,
392.2795), indicating six degrees of unsaturation. The structure of this compound was deduced
from NMR spectral data (Table 1). The 1H and 13C NMR spectra of 1 suggested the presence of one
methyl group (δH 0.90) that appeared as a triplet in the 1H NMR spectrum, fatty acid methylenes
integrating for 20 protons (δC 30.9, δH 1.29) that appeared as a characteristic broad signal in the 1H
NMR spectrum, two other distinct methylenes at δH 1.40 and 2.29/2.34, and six methines, one of
which was hydroxylated (δH 3.85) with the other five methines corresponding to aromatic protons with
chemical shifts in the 1H NMR spectrum between 7.18 and 7.24 ppm. The sequence of 1H-1H COSY
signals from H2′ to H5′ and from H12′ to H14′ allowed us to determine the presence of a hydroxylated
fatty acid moiety. 1H-13C correlations observed in the HMBC spectrum between H2′/C1′, C3′ and
C4′ confirmed that compound 1 has a tetradecanoate moiety that is hydroxylated at C3′ (Figure 2).
Another 1H-1H correlation was observed between H2 and H3 and 1H-13C correlations between H2/C1,
C3 and H3/C1, C2, C4, and C5 along with the C1 chemical shift at δ 176.0 demonstrated the presence
of a phenylalanine unit. Although no correlation was observed (COSY, HMBC, NOESY) between
the phenylalanine and fatty acid moieties, the only possible linkage between these two units is via
an amide bond. This is consistent with the chemical shifts at C1 (δC 173.8), C2 (δC 55.9), and H2 (δH

4.60). Thus, compound 1 was identified as N-(3-hydroxytetradecanoyl)phenylalanine. At this stage,
the asymmetric carbons configurations could not be determined. The stereochemistry of this molecule
and the following compounds will be demonstrated by synthesis.

Figure 2. Key 1H-1H COSY (bold lines) and HMBC (dashed arrows) correlations.

The molecular formula of compound 2 was determined to be C25H39NO4 based on the ion
observed at m/z 418.2926 [M+H]+ in the HRESI-TOFMS experiment (calculated for C25H40NO4

+
,

418.2952), which corresponded to seven degrees of unsaturation. The 1H and 13C NMR spectra
revealed several similarities to 1. Only minor differences were observed, including the presence of a
broad methylene signal integrating for just fourteen protons, along with two de-shielded protons at
δH 5.35 and two methylenes at δH 2.04 corresponding to the methines and adjacent methylenes of a
double bond. The COSY and HMBC data of 2 allowed us to determine that the fatty acid moiety is
3-hydroxyhexadec-9-enoate and that it is hydroxylated at C3. The (Z) configuration of the double bond
was determined by comparison with the literature data based on the distinctive splitting of the olefinic
protons [13]. The smaller coupling constant in the (Z) double bond impacts on the spacing of the
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olefinic protons multiplet peaks and the overall aspect of the multiplet in 1H NMR. The double bond
configuration was confirmed by comparison with analytical data of synthetic compounds described
below. Thus, compound 2 was finally identified as (Z)-N-(3-hydroxyhexadec-9-enoyl)phenylalanine.

Table 1. Nuclear magnetic resonance (NMR) Spectroscopic Data (CD3OD) for compounds 1, 2, and 3.

Compound 1 Compound 2 Compound 3

Position δC
a, type δH

b, m (J in Hz) δC
c, type δH

d, m (J in Hz) δC
a, type δH

b, m (J in Hz)

1 176.0, C 176.3, C 176.5, C
2 55.9, CH 4.60, m 57.6, CH 4.53, m 56.0, CH 4.62, dd (8.0, 4.7)

3 38.7, CH2
2.98, dd (13.9, 8.2) 39.4, CH2

2.97, dd (14.0, 7.7) 39.0, CH2
2.94, dd (13.8, 8.7)

3.21, dd (13.9, 4.5) 3.21, dd (14.0, 4.5) 3.22, dd (13.8, 4.7)
4 139.0, C 139.8, C 139.2, C
5/9 130.5, CH 7.24, m 130.7, CH 7.24, m 130.5, CH 7.23, m
6/8 129.3, CH 7.25, m 129.3, CH 7.22, m 129.4, CH 7.24, m
7 127.6, CH 7.18, m 127.3, CH 7.15, m 127.6, CH 7.17, m
1′ 173.8, C 173.5, C 175.8, C

2′ 44.6, CH2
2.29, dd (14.4, 5.2) 44.9, CH2

2.25, dd (14.4, 7.8) 37.2, CH2
2.13, t (7.4)

2.34, dd (14.4, 7.4) 2.30, dd (14.5, 4.9) 2.23, t (7.5)
3′ 69.6, CH 3.85, m 67.9, CH 3.85, m 27.1, CH2 1.48, m
4′ 38.0, CH2 1.40, m 38.2, CH2 1.39, m 30.3, CH2 1.29, br s
5′ 30.9, CH2 1.29, br s 31.0, CH2 1.30, m 23.8, CH2 1.31, br s
6′ 30.9, CH2 1.29, br s 31.0, CH2 1.30, m 30.3, CH2 1.29, br s
7′ 30.9, CH2 1.29, br s 31.0, CH2 1.30, m 30.3, CH2 1.29, br s
8′ 30.9, CH2 1.29, br s 28.3, CH2 2.04, m 30.3, CH2 2.03, m
9′ 30.9, CH2 1.29, br s 130.9, CH 5.40, m 131.0, CH 5.35, m
10′ 30.9, CH2 1.29, br s 130.9, CH 5.40, m 131.0, CH 5.35, m
11′ 30.9, CH2 1.29, br s 28.3, CH2 2.04, m 30.3, CH2 2.03, m
12′ 30.9, CH2 1.29, br s 31.0, CH2 1.30, m 30.5, CH2 1.33, br s
13′ 23.6, CH2 1.31, m 31.0, CH2 1.30, m 30.5, CH2 1.33, br s
14′ 14.4, CH3 0.90, t (6.8) 31.0, CH2 1.30, m 30.5, CH2 1.33, br s
15′ 23.9, CH2 1.30, m 23.8, CH2 1.31, br s
16′ 14.6, CH3 0.90, t (6.8) 14.6, CH3 0.90, t (6.8)

a Data recorded at 125 MHz. b Data recorded at 500 MHz. c Data recorded at 600 MHz. d Data recorded at 200 MHz.

The HRESI-TOFMS experiment for compound 3 indicated a molecular formula of C25H39NO3

with a m/z of 402.3004 [M+H]+ (calculated for C25H40NO3
+, 402.3003), which corresponded to seven

degrees of unsaturation. After examining the 1H and 13C NMR spectra, compound 3 was obviously
similar to 2. The only differences observed include signals pertaining to the hydroxy group that are
absent in compound 3 as well as differences in the signals of the neighboring protons and carbons
(Table 1). Ultimately, the fatty acid moiety was determined to be hexadec-9-enoate. The COSY and
HMBC spectra showed the same correlations as in 2, along with a correlation between H2/C1′ that
further confirmed the amide linkage between the two moieties. Compound 3 was therefore identified
as (Z)-N-hexadec-9-enoylphenylalanine (Figure 2). The configuration of the amino acid subunit was
determined to be L (S) after synthesis of 3 and ent-3 (described below) and comparison of their optical
rotations. All synthetic (2S)-lipoamino acids had a positive optical rotation, as did compounds 1–3.
Altogether, the analytical data along with the obvious biosynthetic resemblance between 1, 2, and 3

led to the conclusion that the absolute stereochemistry of the phenylalanine moiety was L in 1 and 2 as
well. The configuration of C-3′ could not be determined. These three compounds were isolated for the
first time from natural sources and the complete NMR data for molecules 1–3 is described for the first
time in the literature [14,15].

2.2. Synthesis of Lipoaminoacid Analogues

Our structure activity relationship (SAR) investigation began with the synthesis of various
acylated phenylalanine analogues of compound 3. We modified the carbon chain length of the fatty
acid, the configuration of the amino acid (L vs. D), and the number of double bonds in the fatty acid
alkyl chain (Scheme 1). The synthetic method used classical conditions for peptides coupling [16].
Amide coupling between L- or D- amino acid methyl esters and fatty acids in the presence of HATU
and Hunig’s base, followed by saponification of the ester moiety with lithium hydroxide gave a
series of 32 acylated phenylalanine derivatives. Thus, starting from the methyl ester of either L- or
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D-phenylalanine, 16 ester derivatives (compounds 4 to 19) and 16 free acids (compounds 20 to 35) were
prepared with varying lengths of the fatty acid chain (from 12 to 20 carbons) and different degrees
of unsaturation. Compounds 3, 3-OMe, ent-3, ent-3-OMe, 8, 15, 24, and 31 were Z-alkenes, whereas
compounds 9, 16, 25, and 32 had an E-alkene configuration. Four additional lipoamino acids (18, 19, 34,
35) were prepared from palmitoleic acid and the methyl ester of either L-alanine or L-tyrosine following
the same synthetic procedures. The general synthetic process is shown in Scheme 1. The structures of
the newly synthesized compounds were confirmed by NMR and HRESI-TOFMS analysis.

 

Scheme 1. Synthetic compounds 3, 3-OMe, ent-3, ent-3-OMe, and 4–35.

2.3. Biological Activities and SAR Investigation

Compounds 1–3, isolated from the bacteria Pantoea sp., were assayed for their antimicrobial
and insecticidal activities against human pathogenic microorganisms and Ae. aegypti larvae (Table 2).
The bioassays showed that compound 1 exhibited minimal larvicidal and antibacterial activities.
In contrast, compound 3 demonstrated significant larvicidal activity with a mortality rate of 67.3% and
antibacterial activity with an MIC of 16 μg/mL against methicillin-resistant S. aureus. Based on the
observed differences of these compounds in the bioassays, we evaluated analogues of 1–3 to gain more
insight into the structure-activity relationship (SAR) of this class of compounds.
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Table 2. Antimicrobial and insecticide activities of compounds 1–3 and synthetic analogues 4–39.

Larvicidal Activity (%
Mortality at 10 ppm)

MIC (μg/mL)

Compound C. albicans
ATCC10231

S. aureus
ATCC29213

MRSA
ATCC33591

T. rubrum
SNB-TR1

1 * 32.1 nd − 64 nd
2 * nd nd − 128 nd
3 */3 67.3/42.9 nd/− −/− 16/64 128/−
ent-3 71.1 nd − − −
3-OMe 8.2 − − − −
ent-3-OMe 20.4 − − − −
4 0 − − − nd
5 0 >64 − >64 nd
6 2.2 − − − −
7 10.6 − − 8 −
8 0 − − − −
9 10.2 − − − −
10 6.2 − − − −
11 6.0 − − − −
12 2.1 >64 >64 >64 >256
13 4 − − − −
14 1.9 − − − −
15 0 − − − −
16 1.8 − − − −
17 5.5 − − − −
18 3.8 − − nd 256
19 29.4 − − − 64
20 2.3 − − − −
21 4.5 − − − −
22 2.1 − 64 32 32
23 26.5 − − − 32
24 31.2 − − − −
25 19.1 − − − −
26 4.0 − − − −
27 23.3 − − − nd
28 4.5 − − − −
29 6.1 64 64 64 32
30 18.7 − − <8 <8
31 53.3 − − − −
32 49.0 nd − − −
33 2.3 − − − −
34 4.5 nd 32 32 32
35 4.5 − − 32 32
Pos. Ctrl.a 40 4 0.2 0.6 4

a Postitive control: Oxacillin for S. aureus; fluconazole for C. albicans and T. rubrum; vancomycin for MRSA and
rotenone at 1 μg/mL for larvicidal activity. −: MIC >256μg/mL, considered not active. nd: Not determined.
* natural product.

The synthetic compounds were evaluated for their larvicidal and antimicrobial activities (Table 2).
First, the results showed that the best antimicrobial activities were obtained using compounds 1,
3, 7, 19, 22, 23, 29, 30, 34, and 35 (MIC ≤64 μg/mL against MRSA and/or T. rubrum) with the
highest antimicrobial activity being observed with compounds 30 (MIC <8 μg/mL against MRSA and
T. rubrum) and 7 (MIC = 8 μg/mL against MRSA). Compounds 19 and 23 only showed activity against
T. rubrum, whereas compounds 1, 3, and 7 only showed antibacterial activity against MRSA. Finally,
compound 29 was the only compound to demonstrate MICs ≤64 μg/mL on all tested pathogenic
strains. Interestingly, compounds 1, 3, 7, 23, and 35 showed antibacterial activity against MRSA only
and not S. aureus. Most of these compounds contain a carboxyl group and a saturated alkyl chain
with 12 to 14 carbons. Similar biological activities were observed irrespective of the stereochemical
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configuration of the free acids (22–35). On the other hand, given the antibacterial activities of
compounds 8 and 16 against MRSA, the D configuration appears deleterious for lipoaminoesters.

Regarding larvicide potential, compounds 1, 3, ent-3, 19, 23, 24, 27, 31, and 32 were the most active
with mortality rates ranging from 26.5% to 71.1% at a concentration of 10 ppm. These compounds
all possess long-chain acyl groups (mostly C16 and C18). Moreover, the compounds prepared from
D-phenylalanine (ent-3, 27, 31, and 32) were more active than their L-phenylalanine counterparts (3, 20,
24, and 25). We next evaluated the effect of alkyl chain unsaturation on larvicide potential and found
that unsaturated molecules were more active than saturated ones. For example, the mortality rate of
compound 27 was 23.3%, while it was 71.1% for ent-3. Likewise, the mortality rate of compound 33

was 2.3% while it was 53.3% for 31. Finally, unsaturated compounds with the Z-configuration were
found to be more active than those with the E-configuration (i.e., compounds 24 and 31 compared to
25 and 32).

We also investigated the effect of amino acid replacement on compound bioactivity. In general,
the methyl esters of tyrosine alanine derivatives (18 and 19, respectively) were not antimicrobial.
In contrast, the corresponding acids (34 and 35) appeared to be more active than the phenylalanine
analogue 3. The ester compounds were less soluble than the acids, which might explain their weaker
activity. Regarding larvicidal activity, only the methyl ester of the acylated tyrosine derivative (19) was
active (mortality rate of approximately 30%).

In summary, compound 3 was the only compound that demonstrated larvicidal and slight
antibacterial activity with mortality rates of 42.9% and 67.3% and MIC values of 16 and 64 μg/mL
against Ae. aegypti larvae and MRSA, respectively.

2.4. Molecular Networking

A molecular network (MN) was generated to organize the tandem MS data acquired from the
entire collection of entomopathogenic strains that were biologically tested in this work, including
Pantoea sp. SNB-VECD14B. After applying appropriate data treatment to align the common features
among the collection, the resulting spectral data were submitted to the Global Natural Products Social
molecular networking (GNPS) platform for molecular network generation [10–12]. The resulting
molecular network grouped 20,859 spectra into 2619 clusters (Figure 3). Taxonomical mapping was
applied by attributing a given color code to each strain in the collection, allowing us to visually
navigate through the MN and check for the presence and distribution of specific compound classes
within the full collection. A cluster was identified that was primarily related to the Pantoea genus.
Together with the results from biological screening of the 53 strains collection, we identified a series of
structurally related compounds that could be responsible for the observed larvicidal activity. This was
confirmed by injecting the isolated compounds 1–3, which were effectively found to be present in this
particular cluster. Interestingly, this cluster of lipoamino acid-related structures indicated the following:
(i) There is high structural diversity in the compounds generated by the Pantoea genus, and (ii) some of
the members of this structural family were also found to be present in other entomopathogenic strains
of the collection (Figure 3).

To study in more depth the chemistry of Pantoea lipoamino acids, a molecular network was
generated organizing the tandem MS data acquired from the Pantoea sp. extracts together with the MS
data generated from the isolated and synthetic lipoamino acid derivatives (Figure 4). In addition to
the three isolated lipoamino acids (1–3), it was possible to align six of the synthetic lipoamino acids
(4, 8, 9, 14, 20 and 22) with features present in the crude Pantoea sp. extracts, thus indicating that these
compounds were also naturally present in the bacterium extract (represented as squares in Figure 4).
Two of the synthesized derivatives (5 and 10) were also found to be present in the cluster but were not
detected in the natural extracts (arrow-like node in Figure 4).
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Figure 3. (A) Generation of a massive molecular network from the UHPLC-HRMS2 analysis of 53
entomopathogenic microorganism extracts. (B) Taxonomical mapping showing a cluster containing
ions mainly found in the Pantoea sp. extract. (C) Cluster of lipoaminoacids with compounds 1, 2, and 3

corresponding to compounds isolated from the Pantoea sp. extract.

Figure 4. Cluster corresponding to natural lipoamino acids in the ethyl acetate extract of the Pantoea
species together with synthetic lipoamino acid derivatives. The size of the nodes is proportional to the
peak height of each feature within the Pantoea sp. extract.

The co-injection of synthetic analogues indicated that the studied extract contained additional
lipoamino acid derivatives and allowed us to propagate annotations to neighboring nodes. To further
annotate such compounds in the cluster, the mass spectral signature of each individual node was
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manually curated (Figure 5). For each feature, the molecular formula was established, annotations
were made regarding adducts or complexes, and each fragmentation spectrum was treated using Sirius
GUI software [17]. The results are summarized in Table S4 and allowed us to putatively annotate
16 additional compounds. Inspection of the fragmentation pattern revealed that five diagnostic
fragments corresponding to the amino acid portion of the compounds could be observed within this
cluster. The phenylalanine (Phe) and Phe-methyl ester [M+H]+ moieties gave a typical fragment at m/z
166.09 and 188.10, respectively. Fragments at m/z 132 and 146 indicated potential leucine/isoleucine
(Leu/Ile) and Leu/Ile-methyl ester [M+H]+ moieties, respectively. Finally, a fragment at m/z 118
indicated a potential valine (Val) [M+H]+ moiety. It is to be noted that an additional lipoamino acid
derivative bearing a tyrosine-methyl ester could also be identified in another cluster of the molecular
network by co-injection with a synthetic analogue (19). The presence of double bonds was inferred
from the calculated round double bond equivalent (RDBE). The position of the OH groups was inferred
from the isolated compounds. Together with the molecular formula determination, these signature
indications allowed us to propose putative partial structures for the other nodes of the cluster and
highlights the significant diversity of the lipoamino acids produced by this Pantoea sp. strain (Figure 5).

 

Figure 5. Cluster corresponding to hypothetic analogues of lipoamino acids putatively annotated
through manual curation of their MSMS spectra.

3. Materials and Methods

3.1. General Procedures

Optical rotations were obtained on an Anton Paar MCP 200 polarimeter (Anton Paar Graz,
Austria) in a 100 mm-long 350 μL cell using MeOH as the solvent at 20 ◦C. High resolution ESITOFMS
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measurements were performed using a Waters ACQUITY UHPLC system coupled to a Waters
Micromass LCT-Premier Time-of-Flight mass spectrometer equipped with electrospray interface
(ESI) (Waters, Manchester, England). Nuclear magnetic resonance (NMR) data were recorded in
CD3OD on Bruker 500 MHz and 600 MHz spectrometers equipped with a 1 mm inverse detection
probe. Chemical shifts (δ) are reported in ppm based on the TMS signal, and coupling constant (J)
is reported in Hertz (Bruker, Rheinstetten, Germany). Flash chromatography was performed on a
Grace Reveleris system with UV and ELSD detectors using 120 g C18 or 80 g silica gel columns (Grace,
Maryland, USA). HPLC analysis was conducted on a Gilson system equipped with a 322 pumping
device, a GX-271 fraction collector, a 171 diode array detector, and a prepELSII detector electrospray
nebulizer (Gilson Middelton, USA). Analytical analysis was conducted using Phenomenex Luna C18
(5 μm, 4.6 × 250 mm) and Phenomenex Kinetex C8 (5 μm, 4.6 × 250 mm) columns. A preparation
analysis was conducted using Phenomenex Luna C18 (5 μm, 21.2 × 250 mm) and Kinetex C8 (5 μm,
21.2 × 250 mm) columns (Phenomenex, Le Pecq, France). All the chemicals were purchased from
Sigma-Aldrich (Sigma-Aldrich chimie, Saint-Quentin-Fallavier, France).

3.2. Collection and Identification of Pantoea sp. SNB-VECD14B

An individual insect from the Diaspididae family that was infected by entomopathogenic
microorganisms was collected in Montsinéry, French Guiana. The cuticle of the insect was scraped with
a handle and transplanted onto a Petri dish containing a solid potato dextrose agar (PDA) medium
and then stored at 28 ◦C. After one day, growing bacteria were removed and transferred onto another
Petri dish. The strain SNB-VECD14B was stored in triplicate at −80 ◦C in a H2O–glycerol mixture
(50:50). A sample was submitted for amplification of the nuclear ribosomal internal transcribed spacer
region 16S, which allowed for identification after comparison to the NCBI sequence. The sequence
was registered in the NCBI GenBank database with the accession number KX858894 and identified as
Pantoea sp. A molecular analysis was performed externally by BACTUP, France.

3.3. Culture, Extraction, and Isolation

The bacteria strain was initially cultivated on a small scale using Petri dishes with Mueller
Hinton (MH) solid medium and then on a large scale using 176 14 cm Petri dishes at 28 ◦C for 8 days.
The culture medium containing the mycelium was cut into small pieces and macerated with ethyl
acetate (EtOAc) at room temperature on a rotary shaker (70 rpm) for 48 h. The contents were extracted
three times with 5 L of EtOAc using a separatory funnel. The combined organic layers were washed
with water. The organic solvent was evaporated to dryness under reduced pressure to yield the
crude extract (2.5 g). A portion of the crude extract (2.35 g) was fractionated by reversed-phase flash
chromatography on a C18 column using a linear gradient of water—acetonitrile (v/v, 1:0 to 0:1 over
20 min, flow rate = 80 mL/min) followed by another gradient of acetonitrile—methylene chloride
(v/v, 1:1 to 0:1 over 10 min, flow rate = 80 mL/min) to generate 8 fractions that were labeled A to H.
The larvicidal and antimicrobial activities were concentrated in fractions E (60.5 mg), F (445.7 mg), G
(898.7 mg) and H (108.4 mg).

Fraction E was fractionated by preparative HPLC using H2O–ACN (37:63 to 26:74 over 30 min,
flow rate = 21 mL/min) to afford compound 1 (1.9 mg, tR = 20.40 min) and compound 2 (1.2 mg,
tR = 24.10 min).

Fraction F was fractionated by preparative HPLC using H2O–ACN (33:67 to 17:83 over 30 min,
flow rate = 21 mL/min) to afford compound 3 (10.3 mg, tR = 17.10 min).

Compound 1: White powder; [α]20
D + 29 (c 0.2, MeOH); 1H and 13C NMR spectroscopic data,

see Table S1; HRESITOFMS m/z 392.2769 [M+H]+ (calculated for C23H38NO4
+, 392.2795). MSMS spectra

were deposited at CCMSLIB00004684200.
Compound 2: White powder; [α]20

D + 6 (c 0.2, MeOH); 1H and 13C NMR spectroscopic data,
see Table S2; HRESITOFMS m/z 418.2926 [M+H]+ (calculated for C25H40NO4

+, 418.2952). MSMS spectra
were deposited at CCMSLIB00004684202.
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Compound 3: White powder; [α]20
D + 12 (c 0.2, MeOH); 1H and 13C NMR spectroscopic data,

see Table S3; HRESITOFMS m/z 402.3004 [M+H]+ (calculated for C25H40NO3
+, 402.3003). MSMS spectra

were deposited at CCMSLIB00004684204.

3.4. General Synthetic Procedure for Lipoamino Acid Methyl Ester Synthesis

To a mixture of the fatty acid (100 mg), amino acid methyl ester (1 equiv.) and HATU (1.5 equiv.)
was added Dimethylformamide (DMF) (5 mL) followed by N,N-Diisopropylethylamine (DIEA)
(3 equiv.) under a N2 atmosphere. The reaction mixture was stirred at room temperature (RT)
overnight. A saturated solution of ammonium chloride (NH4Cl) was added and the reaction mixture
was extracted with tert-butylmethylether (3 times). The combined organic phases were dried with
Na2SO4 and concentrated in vacuo. The crude mixture was purified by flash chromatography on
silica gel to provide compounds 4–21. Analytical data including optical rotations are reported in the
Supplementary Materials.

3.5. General Synthetic Procedure for Lipoamino Acid Synthesis

To a solution of the lipoamino acid methyl ester (50 mg) in methanol (5 mL) and water (0.5 mL)
was added LiOH.H2O (5 equiv.). The reaction mixture was stirred at RT for 4 h and then aqueous HCl
(1 M) was added to adjust the pH to 2–3. The resulting mixture was extracted twice with ethyl acetate,
dried with Na2SO4, and concentrated in vacuo to provide the pure compounds 22–39. Analytical data,
including optical rotations, are reported in the Supplementary Materials.

3.6. Synthesis of Compound 3

To a mixture of the palmitoleic acid (50 mg), L-phenylalanine methyl ester (80 mg) and HATU
(143 mg) was added DMF (5 mL) followed by DIEA (97 mg) under a N2 atmosphere. The reaction
mixture was stirred at RT overnight. A saturated solution of ammonium chloride (NH4Cl) was added
and the reaction mixture was extracted with tert-butylmethylether (3 times). The combined organic
phases were dried with Na2SO4 and concentrated in vacuo. The crude mixture was purified by flash
chromatography using C18 4g silica gel to give 52.5 mg of 3-OMe.

To a solution of 3-OMe (15 mg) in MeOH (5ml) and water (0.5 mL) was added LiOH.H2O
(5 equiv.). The reaction mixture was stirred at RT for 4 h and aqueous HCl (1M) was added to adjust
the pH to 2–3. The resulting mixture was extracted twice with ethyl acetate, dried with Na2SO4 and
concentrated in vacuo to provide 14 mg of 3. [α]20

D +49 (c 0.5, CHCl3); HRESITOFMS m/z 402.2976
[M+H]+ (calculated for C25H40NO3

+, 402.3003); 1H and 13C NMR spectroscopic data, see S76-S77.
The same synthesis was done with D-phenylalanine methyl ester to give ent-3-OMe (65.6 mg)

and ent-3 (13.5 mg) with [α]20
D -49 (c 0.5, CHCl3); HRESITOFMS m/z 402.2977 [M+H]+ (calculated for

C25H40NO3
+, 402.3003); 1H and 13C NMR spectroscopic data, see S100-S101.

3.7. Molecular Networking

3.7.1. Mass Spectrometry Analysis Parameters

Chromatographic separation was performed on a Waters ACQUITY UPLC system interfaced to a
Q-Exactive Focus mass spectrometer (Thermo Scientific, Bremen, Germany), with a heated electrospray
ionization (HESI-II) source. Thermo Scientific Xcalibur 3.1 software was used for instrument control.
The LC (Liquid Chromatography) conditions were as follows: Column, Waters BEH C18 50 × 2.1 mm,
1.7 μm; mobile phase, (A) water with 0.1% formic acid, (B) acetonitrile with 0.1% formic acid; flow
rate, 600 μL·min−1; injection volume, 1 μL; gradient, linear gradient of 2−100% B over 6 min
and then isocratic at 100% B for 0.6 min. An ACQUITY UPLC photodiode array detector was
used to acquire PDA spectra, which were collected from 210 to 450 nm. In positive ion mode,
the diisooctyl phthalate C24H38O4 [M+H]+ ion (m/z 391.28429) was used as the internal lock mass.
The optimized HESI-II parameters were as follows: Source voltage, 4.0 kV (pos); sheath gas flow
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rate (N2), 55 units; auxiliary gas flow rate, 15 units; spare gas flow rate, 3.0; capillary temperature,
275.00 ◦C (pos), S-lens RF level, 45. The mass analyzer was calibrated using a mixture of caffeine,
methionine−arginine−phenylalanine−alanine−acetate (MRFA), sodium dodecyl sulfate, sodium
taurocholate, and Ultramark 1621 in an acetonitrile/methanol/water solution containing 1% formic
acid by direct injection. The data-dependent MS/MS events were performed on the three most intense
ions detected in the full scan MS (Top3 experiment). The MS/MS isolation window width was 1 Da,
and the stepped normalized collision energy (NCE) was set to 15, 30, and 45 units. In data-dependent
MS/MS experiments, full scans were acquired at a resolution of 35,000 FWHM (at m/z 200) and MS/MS
scans at 17,500 FWHM both with an automatically determined maximum injection time. After being
acquired in a MS/MS scan, parent ions were placed in a dynamic exclusion list for 2.0 s.

3.7.2. MS Data Pretreatment

The MS data were converted from the .RAW (Thermo) data format to the .mzXML format using
MSConvert software, which is part of the ProteoWizard package [15]. The converted files were treated
using the MzMine software suite [17].

The parameters were adjusted as follows: The centroid mass detector was used for mass detection
with the noise level set to 1.0 × 106 when the MS level was set to 1, and to 0 when the MS level was set
to 2. The ADAP chromatogram builder was used and set to a minimum group size of 5 scans, minimum
group intensity threshold of 1.0 × 105, minimum highest intensity of 1.0 × 105, and m/z tolerance of
8.0 ppm. For chromatogram deconvolution, the wavelets (ADAP) algorithm was used. The intensity
window S/N was used as the S/N estimator with a signal-to-noise ratio set at 25, a minimum feature
height at 10,000, a coefficient area threshold at 100, a peak duration range from 0.02 to 0.9 min and
the RT wavelet range from 0.02 to 0.05 min. Isotopes were detected using the isotope peak grouper
with a m/z tolerance of 5.0 ppm, an RT tolerance of 0.02 min (absolute), and the maximum charge
set at 2. The representative isotope used was the isotope that was the most intense. An adduct (Na+,
K+, NH4

+, ACN+, CH3OH+, Isoprop+) search was performed with the RT tolerance set at 0.1 min and
the maximum relative peak height at 500 %. A complex search was also performed using [M+H]+

in ESI positive mode, with the RT tolerance set at 0.1 min and the maximum relative peak height at
500%. Finally, a custom database search was performed using the Dictionary of Natural Products
2018 (v. 26.2) database (http://dnp.chemnetbase.com) where the search was restricted to fungal or
bacterial metabolites. Peak alignment was performed using the join aligner method where the m/z
tolerance was set at 8 ppm, absolute RT tolerance at 0.065 min, weight for m/z at 10 and weight for
RT at 10. The peak list was gap-filled with the same RT and m/z range gap filler (m/z tolerance at
8 ppm). Eventually the resulting aligned peak list was filtered using the peak-list rows filter option to
keep only those features associated with MS2 scans. Full parameters are available as a .xml file in the
Supplementary Materials (Entomopathogens_MzMine_parameters.mzmine).

3.7.3. Molecular Networks Generation

To maintain the retention time and exact mass information and to allow the separation of isomers,
the molecular networks were created using the .mgf file resulting from the MzMine pretreatment step
detailed above: https://bix-lab.ucsd.edu/display/Public/Feature+Based+Molecular+Networking.
Spectral data were uploaded on the Global Natural Products Social molecular networking platform [10].
A network was then created where edges were filtered to have a cosine score above 0.65 and more
than 6 matched peaks. Further edges between two nodes were kept in the network if and only if
each of the nodes appeared in each other’s respective top 10 most similar nodes. The spectra in the
network were then searched against GNPS spectral libraries. The library spectra were filtered in
the same manner as the input data. All matches kept between network spectra and library spectra
were required to have a score above 0.7 and at least 6 matched peaks. The output was visualized
using Cytoscape 3.6 software [18]. The full MS data set was uploaded and is accessible on the GNPS
servers as Massive Data sets N◦ MSV000082940. The molecular network analysis and clustered
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spectra are accessible at the following link: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=
b036dd9fcb964ca49fe8dc4345944b86.

3.8. Evaluation of Larvicidal Activity

3.8.1. Insect Collection and Rearing

The Aedes aegypti strain was used for extract and compound Testing. The laboratory strain Paea,
came from French Polynesia and had been maintained at the Institut Pasteur de la Guyane in French
Guiana for over a decade. This strain is susceptible to all insecticides. Ae. aegypti eggs were conserved
on dried paper strips. Hatching was induced by dropping these strips in water and placing them
under vacuum pressure for at least 1 h. The larvae were fed with yeast pellets. Larval rearing was
performed under natural conditions at 28 ◦C ± 2 ◦C, 80 % ± 20 % RH and with a photoperiod of 14 h
dark and 10 h light. Late third or early fourth-instar larvae were used in the tests. All crude extracts
and fractions were investigated using the WHO procedure for testing mosquito larvicides [19,20].
The larvicidal activity of pure compounds was evaluated using a tube assay.

3.8.2. Cup Assays

A total of 100 larvae were exposed in each bioassay. Four replicates of 25 larvae were prepared
in cups containing 99 mL of distillated water. A 1 mL aliquot of the extract/fraction in absolute
ethanol was added to each cup. The crude extract and the fractions were all tested at a concentration
of 100 ppm. Absolute ethanol (1 mL) served as a negative control. Larval mortality was recorded 24 h
after exposure.

3.8.3. Tube Assays

Fifty larvae were tested at each concentration with ten replicates per concentration (10 test tubes ×
5 larvae). Each compound was tested at a concentration of 10 μg/mL. A stock solution was prepared
at 1 mg/mL in absolute ethanol, and then, 30 μL of this solution was added to each test tube (75 ×
12 × 0.8 − 1.0 soda rimLess, catalog #212-0013, VWR, International) containing 2.97 mL of distilled
water. Larval mortality was recorded 24 h after exposure.

3.8.4. Statistical Analysis

Abbott’s formula for mortality was applied if the mortality rate in the control was between 5 and
20%. The test was invalidated if the mortality rate in the control was greater than 20% [21].

3.9. Antimicrobial Assays

The ATCC strains were purchased from the Pasteur Institute and clinical isolates were provided
by Phillipe Loiseau (University Paris Sud, Châtenay-Malabry, France). The strains used in this study
were: Candida albicans ATCC10231, Staphylococcus aureus ATCC29213, methicillin-resistant S. aureus
ATCC33591, and Trichophyton rubrum SNB-TR1. Extracts, fractions, and pure compounds were tested
according to the reference protocol of the European Committee on Antimicrobial Susceptibility Testing
(EUCAST, http://www.eucast.org, 11 April 2016). The standard microdilution test as described
by the Clinical and Laboratory Standards Institute guidelines (M27-A2, M7-A8 and M38-A) was
used to determine minimal inhibition concentrations (MIC) against dermatophyte fungi, bacteria,
and yeasts [22–24]. Crude extracts and pure compounds were tested at concentrations ranging from
256 to 0.5 μg/mL. The microplates were incubated at 32 ◦C, and MIC values were calculated after 24 h
for bacteria, 48 h for yeast and 5 days for T. rubrum. The MIC values reported in Table 2 refer to the
lowest concentration preventing visible growth in the wells. All assays were conducted in triplicate.
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4. Conclusions

In conclusion, our study highlights that Pantoea sp. SNB-VECD14B can biosynthesize diverse
lipoamino acids with antimicrobial and/or insecticidal activities. Three hydroxyacyl-phenylalanine
derivatives were isolated and characterized from EtOAc extracts, and different analogs were
synthesized to demonstrate structure-activity relationships. In short, we observed that the free
carboxylic acid group was important for biological activity. Compounds with a long carbon chain
(16 to 18 carbons) and a Z double bond, exhibited the highest larvicidal activity, while compounds
with a saturated C12 or C14 chain demonstrated the best antimicrobial activity. The studied lipoamino
acids appear to have similar biological and structural properties compared to free fatty acids [25,26].
Their amphipathic nature provides a wide range of activities. Given the observed biological activities,
these molecules could provide an alternative to common antimicrobial agents for application in
agriculture, food preservation, or cosmetics.

Finally, the molecular networking-based approach revealed several close analogues of lipoamino
acids in the Pantoea sp. extract. The global molecular network established over a wide collection of
entomopathogenic strains indicated that this structural family was indeed typical of the Pantoea genus.
These lipoamino acids have diverse biological activities, and it can be hypothesized that the strain
has acquired the ability to protect itself from various environmental aggressions (fungi, bacteria, and
insects) by producing a truly diverse mix of lipoamino acids that exhibit complementary activities.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/5/
1083/s1.
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Abbreviations

ACN Acetonitrile
DMF Dimethylformamide
DIEA N,N-Diisopropylethylamine
EtOAc Ethyl acetate
HATU N-[(Dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium

hexafluorophosphate N-oxide
HCl Hydrochloric acid
HPLC High performance liquid chromatography
MH Mueller hinton
MIC Minimum inhibitory concentration
MN Molecular networking
MRSA Methicillin-resistant Staphylococcus aureus
MS Mass spectrometry
NMR Nuclear magnetic resonance
PDA Potato dextrose agar
RDBE Round double bond equivalent
SAR Structure activity relationship
UPLC Ultra-high performance liquid chromatography
VRE Vancomycin-resistant Enterococci
VRSA Vancomycin-resistant Staphylococcus aureus
WHO World Health Organization
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Abstract: Gram-negative bacteria produce outer membrane vesicles (OMVs) as delivery vehicles
for nefarious bacterial cargo such as virulence factors, which are antibiotic resistance determinants.
This study aimed to investigate the impact of polymyxin B treatment on the OMV lipidome from
paired polymyxin-susceptible and -resistant Klebsiella pneumoniae isolates. K. pneumoniae ATCC 700721
was employed as a reference strain in addition to two clinical strains, K. pneumoniae FADDI-KP069 and
K. pneumoniae BM3. Polymyxin B treatment of the polymyxin-susceptible strains resulted in a marked
reduction in the glycerophospholipid, fatty acid, lysoglycerophosphate and sphingolipid content of
their OMVs. Conversely, the polymyxin-resistant strains expressed OMVs richer in all of these lipid
species, both intrinsically and increasingly under polymyxin treatment. The average diameter of the
OMVs derived from the K. pneumoniae ATCC 700721 polymyxin-susceptible isolate, measured by
dynamic light scattering measurements, was ~90.6 nm, whereas the average diameter of the OMVs
isolated from the paired polymyxin-resistant isolate was ~141 nm. Polymyxin B treatment (2 mg/L)
of the K. pneumoniae ATCC 700721 cells resulted in the production of OMVs with a larger average
particle size in both the susceptible (average diameter ~124 nm) and resistant (average diameter
~154 nm) strains. In light of the above, we hypothesize that outer membrane remodelling associated
with polymyxin resistance in K. pneumoniae may involve fortifying the membrane structure with
increased glycerophospholipids, fatty acids, lysoglycerophosphates and sphingolipids. Putatively,
these changes serve to make the outer membrane and OMVs more impervious to polymyxin attack.

Keywords: outer membrane vesicles; lipidomics; Gram-negative; polymyxin; extremely drug resistant

1. Introduction

Over the last decade, extremely drug-resistant (XDR) Klebsiella pneumoniae has emerged as one of
the most deadly Gram-negative ‘superbugs’ [1–3]. K. pneumoniae is responsible for numerous lethal
nosocomial outbreaks [4]; more worryingly, the mortality of nosocomial K. pneumoniae infections can be
up to 50% [5]. Carbapenem resistance in K. pneumoniae mediated by carbapenemase was firstly reported
in 1996 in New York City and has spread to most global centres [5,6]. In 2008, blaNDM-1, which encodes
the class B New Delhi Metallo-β-lactamase-1 (NDM-1) that inactivates carbapenems, was first detected
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in a Swedish patient who had contracted an infection in India [7]. Polymyxins (i.e., colistin and
polymyxin B) are increasingly used as the last-line therapy against XDR K. pneumoniae [8]. Indeed,
considerable in vitro activity against K. pneumoniae strains has been demonstrated [9]; 98.2% of general
clinical strains of K. pneumoniae are susceptible to polymyxin B and colistin [10–15]. Ominously,
XDR strains that are resistant to polymyxins have recently emerged [16,17], which highlights the
need for a greater appreciation of the mechanism(s) of polymyxin resistance in K. pneumoniae to assist
targeted drug discovery strategies.

The Gram-negative outer membrane (OM) constitutes a formidable barrier limiting the
permeability of various noxious substances such as antimicrobial drugs [18,19]. This complex
asymmetrical structure comprises an inner phospholipid leaflet, as well as an outer leaflet
that predominantly contains lipopolysaccharide (LPS), proteins and phospholipids. Additionally,
K. pneumoniae commonly expresses a capsular polysaccharide that coats the OM, the expression
levels of which have been related to polymyxin susceptibility [20–23]. The antimicrobial action of
polymyxins is mediated through a direct and very specific interaction with the lipid A component
of the LPS, which leads to a disruption of the OM barrier [8]. The cationic L-α,γ-diaminobutyric
acid residues of the polymyxin molecule produce an electrostatic attraction to the negatively charged
lipid A phosphate groups, displacing the divalent cations (Mg2+ and Ca2+) [8]. The displacement
leads to the disorganization of the LPS leaflet, enabling the insertion of the hydrophobic tail and the
hydrophobic side chains of amino acids 6 and 7 of the polymyxin molecule into the OM [24]. Polymyxin
resistance in K. pneumoniae primarily involves the multi-tier upregulation of capsular polysaccharide
expression, and the systems required for the modification of lipid A with 4-amino-4-deoxy-L-arabinose
and palmitoyl addition [20,23,25–32]. In K. pneumoniae the expression of 4-amino-4-deoxy-L-arabinose
modifications to the lipid A phosphates is under control of the two component regulatory systems
[PhoPQ–PmrD]–PmrAB that are activated in response to low pH, low magnesium, high iron
and in response to cationic antimicrobial peptides [23]. More specifically, PhoP–PhoQ regulates
the magnesium regulon, which activates polymyxin resistance under low magnesium conditions.
This PhoP–PhoQ system is connected by the small basic protein PmrD. PhoP regulates the activation
of PmrD, which can then bind to PmrA and prolong its phosphorylation state, eventually activating
the expression of the PmrA–PrmB system to promote lipid A modifications that confer polymyxin
resistance. The under-acylation of lipid A increases the polymyxin susceptibility of K. pneumoniae,
which highlights that the decoration of lipid A with additional fatty acyl chains is important for
polymyxin resistance [33,34].

Gram-negative bacteria naturally shed their OM via outer membrane vesicles (OMVs), which are
spherical bilayer structures of approximately 20–200 nm in diameter [35]. OMVs are believed to
serve as delivery vehicles for nefarious bacterial cargo such as virulence factors, antibiotic resistance
determinants, toxins and factors that modulate the host immune response to facilitate pathogen
evasion [35–39]. This underscores the need to understand the compositional differences between
OMVs of MDR K. pneumoniae clinical isolates and how this relates to their pathogenicity. In the
present study, we aimed to perform a comparative analysis of the lipidome of OMVs isolated from of
polymyxin-susceptible and -resistant K. pneumoniae clinical isolates and to identify key lipid species that
are selectively packaged from the OM into the OMV sub-lipidome of the resistant isolates. The obtained
data sheds new light on the OMV lipidomes associated with high-level polymyxin resistance in the
problematic Gram-negative pathogen K. pneumoniae.

2. Results and Discussion

2.1. Lipidomics Analysis of OMVs from Polymyxin-Susceptible and -Resistant K. pneumoniae Isolates

The OMV lipidome from paired polymyxin-susceptible and -resistant strains from two clinical
isolates (K. pneumoniae BM3 and FADDI-KP069) and a laboratory type strain (K. pneumoniae ATCC
700721) were characterised following lipid extraction using LC-MS analysis. Compositional analysis
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revealed that the OMV lipid composition of all the K. pneumoniae strains mostly consisted of
glycerophospholipids (~35%), fatty acids (~33%) and sphingolipids (~20%). Similarly, across all three
strains the OMV minor lipid components consisted of lipids from the following classes, glycerolipids
(~4%), sterol lipids (~3%) and prenol lipids (~4%).

Principle component analysis (PCA) score plots and the heat map revealed significant
global lipidomic differences between the OMVs of the polymyxin-susceptible and -resistant
K. pneumoniae strains (Figures 1 and 2). Notably, following treatment with a clinically relevant
concentration of polymyxin B (2 mg/L) we observed marked global lipidome perturbations
in the OMVs of the polymyxin-susceptible K. pneumoniae strains; whereas the OMVs of the
resistant strains showed moderate global lipidome perturbations in response to polymyxin B
treatment of the cells. For univariate analyses, all of the putatively identified lipids were
further analysed to reveal those showing at least 2-fold differences (p < 0.05, FDR < 0.05,
one-way ANOVA test) in relative abundance (Figure 3). The cluster algorithm and fold-change
analysis highlighted that, compared to the untreated controls, polymyxin B treatment
(2 mg/L) of the polymyxin-susceptible K. pneumoniae ATCC 700721 significantly reduced the
phosphatidylcholine, phosphatidylethanolamine and 1-acyl-glycerophosphocholine content of its
OMVs. Additionally, the sphingolipids namely, sphingosine, N-acyl-sphingosine (ceramide),
N-acyl-sphinganine(dihydro-ceramide), sphingomyelin, glucosyl-ceramide and lactosyl-ceramide
were significantly reduced following polymyxin B treatment (Figure 3Ai). Moreover, certain saturated
fatty acids (e.g., hexadecanoic acid and octadecanoic acid), and polyunsaturated fatty acids
(α-linolenic acid and arachidonic acid) were also reduced in the OMVs of the polymyxin B treated
susceptible isolate. Polymyxin B treatment of the its paired polymyxin-resistant K. pneumoniae
ATCC 700721 laboratory isolate significantly increased the content of lysoglycerophosphates,
phosphatidylcholines and phosphatidylethanolamines in its OMVs (Figure 3Aii). Similarly, to the
polymyxin-susceptible ATCC 700721 isolate, most of the glycerophospholipid and fatty acid
content of the OMVs isolated from the polymyxin B treated polymyxin-susceptible clinical
isolates (K. pneumoniae BM3 and FADDI-KP069) were significantly reduced compared to untreated
controls (Figure 3Bi,Ci). In particular, glycerophospholipids (e.g., phosphatidylethanolamines,
phosphatidylcholines, lysophosphatidylcholines, and lysoglycerophosphates) were remarkably
reduced in response to polymyxin B treatment. In addition, fatty acids (e.g., docosanoic acid,
octadecenoic acid and hexadecanoic acid); and sphingolipids (mainly dihydro-ceramides) were
also significantly reduced in response to polymyxin B be treatment. In contrast, the majority of
glycerophospholipids, fatty acids and sphingolipids content of OMVs isolated from their paired
polymyxin-resistant K. pneumoniae BM3 a FADDI-KP069 isolates were significantly increased in
response to polymyxin B treatment (Figure 3Bii,Cii). Notably, all of the polymyxin B-resistant strains
secreted OMVs significantly are richer in glycerophospholipids, fatty acids, lysoglycerophosphates
and sphingolipids compared to polymyxin B-susceptible isolates even when grown in the absence
of polymyxin B (Figure 4). Glycerophospholipids, fatty acids, glycerolipids and sphingolipids
play a crucial role in maintain outer membrane integrity, bacterial survival and pathogenesis [40].
Phospholipids (including glycerophospholipids) are essential components of bacterial membranes and
they are responsible for maintaining membrane integrity and the selective permeability of the outer
membrane [41]; they contribute to cationic peptide resistance, protect bacteria from osmotic stress
and regulate flagellum-mediated motility [42]. In addition, sphingolipids are involved in maintaining
normal bacterial growth and membrane integrity; and trigger bacterial pathogenesis via induction of
the host immune system [43].
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Figure 1. Principal component analysis (PCA) score plot for OMVs isolated from polymyxin-susceptible
and -resistant K. pneumoniae isolates. (A) PCA score plot for the two clinical isolates. Polymyxin-resistant
K. pneumoniae BM3 untreated (red); polymyxin-resistant K. pneumoniae BM3 treated with polymyxin B
(2 mg/L) (green); polymyxin-susceptible K. pneumoniae BM3 untreated (blue); polymyxin-susceptible
K. pneumoniae BM3 treated with polymyxin B (2 mg/L) (cyan); polymyxin-resistant K. pneumoniae
FADDI-KP069 untreated (purple); polymyxin-resistant K. pneumoniae FADDI-KP069 treated with
polymyxin B (2 mg/L) (yellow); polymyxin-susceptible K. pneumoniae FADDI-KP069 untreated
(grey); polymyxin-susceptible K. pneumoniae FADDI-KP069 treated with polymyxin B (2 mg/L)
(black). (B) PCA score plot for the paired K. pneumoniae ATCC 700721 laboratory type isolates.
Polymyxin-resistant K. pneumoniae ATCC 700721 untreated (red); polymyxin-resistant K. pneumoniae
ATCC 700721 treated with polymyxin B (2 mg/L) (green); polymyxin-susceptible K. pneumoniae ATCC
700721 untreated (blue); polymyxin-susceptible K. pneumoniae ATCC 700721 treated with polymyxin B
(2 mg/L) (cyan). Each data point represents three biological replicates.

Figure 2. The heat map illustrates the relative peak intensity of lipids within each class in the OMVs
of the paired polymyxin-susceptible and -resistant K. pneumoniae isolates. (R) = polymyxin-resistant;
(S) = Polymyxin-susceptible. Colours indicate relative abundance of lipidomes based on the relative
peak intensity (red = high, yellow = no change, blue = undetectable).
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Figure 3. Lipidomic perturbations of OMVs isolated from polymyxin-susceptible and -resistant
K. pneumoniae isolates. Fold-change of lipids relative to the untreated control cells, in OMVs of
the polymyxin-susceptible (i) and -resistant (ii) strains of paired K. pneumoniae isolates in response
to polymyxin B treatment (2 mg/L). (A) K. pneumoniae ATCC 700721. (B) K. pneumoniae BM3 and
(C) K. pneumoniae FADDI-KP069. GPLs = glycerophospholipids; FA = fatty acids; GL = glycerolipids;
SP = sphingolipids.
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Figure 4. Major differences in the lipid abundance between the OMVs of paired polymyxin-susceptible
and -resistant K. pneumoniae isolates. The differences are expressed as the fold-change in the OMV
lipids of the paired susceptible vs. resistant K. pneumoniae isolates. All cultures were grown in the
absence of polymyxins. (A) K. pneumoniae ATCC 700721. (B) K. pneumoniae BM3 and (C) K. pneumoniae
FADDI-KP069. GPLs = glycerophospholipids; FA = fatty acids; GL = glycerolipids; SP = sphingolipids.

2.2. Transmission Electron Microscopy Imaging and Dynamic Light Scattering Size Estimation of
K. pneumoniae OMVs

Dynamic light-scattering (DLS) analysis revealed that the average hydrodynamic radius of the OMVs
derived from the K. pneumoniae ATCC 700721 polymyxin-susceptible isolate is ~90.6 nm; the profile was
symmetrical and the OMV scatter ranged from ~30–500 nm (Figure 5A). The average hydrodynamic
radius of the OMVs isolated from the paired K. pneumoniae ATCC 700721 polymyxin-resistant isolate
was ~141 nm and the OMV scatter ranged from ~30 to 1000 nm (Figure 5C), which indicates that
the resistant isolae sheds larger OMVs than the susceptible one. Polymyxin B treatment (2 mg/L) of
the K. pneumoniae cells resulted in the production of OMVs with slightly larger average particle
size in both the susceptible (average diameter ~124 nm, OMV scatter ~30–900 nm; Figure 5B)
and resistant (average hydrodynamic radius ~154 nm, OMV scatter ~30–1500 nm; Figure 5D)
strains. Notably, the OMV scatter profile in the resistant strain is asymmetrical, with and without
polymyxin B treatment. In line with the DLS data [44,45], transmission electron microscopy imaging of
K. pneumoniae OMVs revealed a similar size distribution wherein the polymyxin-resistant K. pneumoniae
ATCC 700721 strain produced larger OMVs than the susceptible strain (Figure 6). Moreover,
the OMVs isolated from the polymyxin-resistant isolate stained darker with the TEM contrast reagent
uranyl acetate, which enhances the contrast by interaction with lipids; in line with the lipidomics
findings, this would suggest that the OMVs of the resistant strains contain more lipids. Similarly,
in Salmonella enterica, LPS remodelling in the outer membrane in response to polymyxins or other
environmental PhoP/Q–PmrA/B activating conditions, has been shown to stimulate the biogenesis of
larger-diameter OMVs [36–39].
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Figure 5. Size distribution measured by dynamic light scattering of OMVs isolated from paired
polymyxin-susceptible and -resistant strains of K. pneumoniae ATCC 700721. OMVs isolated from the
polymyxin-susceptible K. pneumoniae ATCC 700721 (A) without polymyxin B treatment and (B) with
polymyxin B (2 mg/L) treatment. OMVs isolated from the polymyxin-resistant K. pneumoniae ATCC
700721 (C) without polymyxin B treatment and (D) with polymyxin B (2 mg/L) treatment.

 

Figure 6. Transmission electron microscopy images of OMVs isolated from paired polymyxin-susceptible
and -resistant strains of K. pneumoniae ATCC 700721. (A) OMVs from untreated K. pneumoniae ATCC
700721 (susceptible). (B) OMVs from polymyxin B (2 mg/L) treated K. pneumoniae ATCC 700721
(susceptible). (C) OMVs from untreated K. pneumoniae ATCC 700721 (resistant). (D) OMVs from
polymyxin B (2 mg/L) treated K. pneumoniae ATCC 700721 (resistant).
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3. Materials and Methods

3.1. Materials

Polymyxin B was supplied by Betapharma (Shanghai, China). All chemicals were purchased
from Sigma-Aldrich (Melbourne, VIC, Australia) at the highest research grade; ultrapure water was
from Fluka (Castle Hill, New South Wales, Australia). Stock solutions of polymyxin B (10 mg/L) were
freshly prepared in ultrapure water and filtered through 0.22 μm syringe filters (Sartorius, Melbourne,
Victoria, Australia).

3.2. Bacterial Isolates and Growth Conditions

All bacterial strains used in this study are described in Table S1. Resistance to polymyxin B
was defined as MICs of ≥8 mg/L [46]. A total of six different K. pneumoniae isolates were
studied: The clinical isolates K. pneumoniae FADDI-KP069 (polymyxin-susceptible strain polymyxin B
MIC = 0.5 mg/L; polymyxin-resistant strain polymyxin B MIC > 32 mg/L; Both positive for ESBL
and KPC carbapenemase) and K. pneumoniae BM3 (polymyxin-susceptible strain polymyxin B
MIC = 0.5 mg/L; polymyxin-resistant strain polymyxin B MIC ≥ 32 mg/L; Both positive for
NDM, CTX-M, SHV, TEM, AAC-6’-1B); and a reference strain K. pneumoniae ATCC 700721
(polymyxin-susceptible strain polymyxin B MIC = 0.5 mg/L; polymyxin-resistant strain polymyxin B
MIC > 32 mg/L). The antibiograms of the two clinical isolates are documented in Table S1. All bacteria
were stored at −80 ◦C in tryptone soya broth (TSB, Oxoid, Melbourne, Australia). Prior to experiments,
parent strains were subcultured onto nutrient agar plates (Medium Preparation Unit, University
of Melbourne, Victoria, Australia). Overnight broth cultures were subsequently grown in 5 mL
of cation-adjusted Mueller–Hinton broth (CaMHB, Oxoid, West Heidelberg, Victoria, Australia),
from which a 1 in 100 dilution was performed in fresh broth to prepare mid-logarithmic cultures
according to the optical density at 500 nm (OD500nm = 0.4 to 0.6). All broth cultures were incubated at
37 ◦C in a shaking water bath (180 rpm).

3.3. Minimum Inhibitory Concentration (MIC) Microbiological Assay

MICs were performed according to the Clinical and Laboratory Standards Institute (CLSI)
guidelines [47]. MICs were determined for all isolates in three replicates on separate days using broth
microdilution method in cation-adjusted Mueller–Hinton broth (CAMHB) in 96-well polypropylene
microtitre plates. Wells were inoculated with 100 μL of bacterial suspension prepared in CaMHB
(containing 106 colony-forming units (cfu) per mL) and 100 μL of CaMHB containing increasing
concentrations of polymyxin B (0.25–256 mg/L). The MICs were defined as the lowest concentration at
which visible growth was inhibited following 18 h incubation at 37 ◦C. Cell viability was determined
by sampling wells at polymyxin B concentrations greater than the MIC. These samples were diluted in
normal saline and spread plated onto nutrient agar. After incubation at 37 ◦C for 20 h, viable colonies
were counted on these plates. The limit of detection was 10 cfu/mL.

3.4. Isolation of Outer Membrane Vesicles (OMVs)

Mid-logarithmic cultures (6 L) of each isolate were grown at 37 ◦C with shaking (1800 rpm)
and cell-free supernatants were collected through centrifugation (15 min at 10,000× g, 4 ◦C).
Where indicated, polymyxin B was added to the culture volume at a final concentration of 2 mg/L.
The OMV containing supernatants were filtered through 0.22-μm membrane (Sigma-Aldrich) to
remove any remaining cell debris, then concentrated through a tangential filtration concentrator unit
(Pall Life Science, Ann Arbor, MI, USA) and collected using 100 kDa Pellicon filtration cassettes
(Millipore, Melbourne, Australia). Also, a portion of the supernatant was plated for growth on agar
plates overnight at 37 ◦C to make sure that the supernatant is free of bacterial cells. OMVs in the
cell-free supernatants were then pelleted down by ultracentrifugation at 150,000× g for 2 h at 4 ◦C in a
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Beckman Ultracentrifuge (SW28 rotor). Purified OMVs were concentrated re-suspended in 1 mL sterile
PBS and the concentration was determined by Bio-Rad (Gladesville, NSW, Australia) protein assay.

3.5. Lipidomics Analysis

OMV lipids were extracted with the single-phase Bligh–Dyer method (CHCl3/MeOH/H2O, 1:3:1,
v/v) [48]. For further analysis, samples were reconstituted in 100 μL of CHCl3 and 200 μL of MeOH,
centrifuged at 14,000× g for 10 min at 4 ◦C to obtain particle-free supernatants. LC-MS for lipidomic
analysis was conducted on a Dionex U3000 high-performance liquid chromatography system (HPLC)
in tandem with a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher, Melbourne, Australia) in
both positive and negative mode with a resolution at 35,000. The mass scanning range was from
167 to 2000 m/z. The electrospray voltage was set as 3.50 kV and nitrogen was used as collision gas.
The Ascentis Express C8 column (5 cm × 2.1 mm, 2.7 μm, Sigma-Aldrich, 53831-U) was maintained
at 40 ◦C, and the samples were controlled at 4 ◦C. The flow rate was 0.2 mL/min at first 24 min,
but increased to 0.5 mL/min from 25 min to 30 min. The multi-step gradient started from 100%
to 80% mobile phase A over the first 1.5 min, then to 72% mobile phase A at 7 min, over the next
1 min, the gradient changed to 65% mobile phase A, from 8 min to 24 min, the gradient reached a final
composition of 35% mobile phase A and 65% mobile phase B. This was followed by a washing step from
65% to 100% mobile phase B over the next 1 min, and maintained for 2 min. A 2-min re-equilibration
of the column with 100% A was performed between injections. Untargeted lipidomic analyses were
performed through mzMatch [49]; and IDEOM [50] (http://mzmatch.sourceforge.net/ideom.php).
Raw LC-MS data files were converted to mzXML format through a proteowizard tool, Msconvert.
Automated chromatography peaks were picked by XCMS [51], and then converted to peakML files,
which were combined and filtered by mzMatch based on the intensity (1000), reproducibility (RSD for
all replicates < 0.8), and peak shape (codadw > 0.8). The mzMatch program was used for retrieving
intensities for missing peaks and the annotation of related peaks. Unmatched peaks and noises were
rejected through IDEOM. The database used in IDEOM included KEGG, MetaCyc and Lipidmaps [52].
Univariate statistics analysis was performed using a Welch’s T-test (p < 0.05), while multivariate
analysis was conducted using the metabolomics R package.

3.6. Transmission Electron Microscopy (TEM)

Carbon-coated Formvar copper grids were placed on a drop of OMV suspension (1 mg/mL protein)
for 5 min then washed three times with PBS and fixed in 1% glutaraldehyde for 4 min. Grids were then
washed three times with PBS, two times with Milli-Q water and stained for 20 s with 4% uranyl acetate.
Grids were finally washed with Milli-Q water and incubated on ice for 10 min in methyl–cellulose with
4% uranyl acetate (9:1). Grids were then air-dried and viewed with a Tecnai Spirit (T12) transmission
electron microscope, and the images were acquired using TIA software (FEI, Melbourne, Australia).

3.7. Dynamic Light Scattering

The particle size of the OMVs was measured using dynamic light scattering (DLS). OMVs were
diluted with PBS to a protein concentration of 0.05 mg/L and the scatter was recorded using a Zetasizer
NanoS (Malvern, PA, USA) at 173◦ with a laser of wavelength 632 nm. Data were analysed with
Zetasizer Software (V7.11, Malvern, UK) to obtain the average hydrodynamic radius.

4. Conclusions

In this study, we show that polymyxin B treatment of the susceptible K. pneumoniae strains
significantly reduced the glycerophospholipid, fatty acid, lysoglycerophosphate and sphingolipid
content of their OMVs, compare to the untreated control. On the other hand, in the OMVs of their
paired polymyxin-resistant strains these lipids were increased both intrinsically and in response to
polymyxin B treatment. In view of these findings, it is reasonable to hypothesize that the outer
membrane remodelling associated with polymyxin-resistance in K. pneumoniae entails fortifying the
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membrane with increased glycerophospholipids, fatty acids, lysoglycerophosphates and sphingolipids,
which are lipids to which polymyxins cannot avidly bind. It is important to mention that polymyxins
primarily target the lipid A in the Gram-negative outer membrane—hence their narrow spectrum of
activity against Gram-negative bacteria that do not express LPS. These outer membrane changes may
be accompanied by the modification of the lipid A with cationic moieties and/or a reduction in the
lipid A content, which, together with the increased content of the aforementioned lipids, serve to make
the K. pneumoniae outer membrane and OMVs more impervious to polymyxin attack.

Supplementary Materials: Supplementary materials can be found at: http://www.mdpi.com/1422-0067/19/8/
2356/s1.
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Abstract: The class of lipophilic compounds coming from vegetal source represents a perspective
in the adjuvant treatment of several human diseases, despite their poor bioavailability in humans.
These compounds are generally soluble in fats and poorly soluble in water. The major reason for
the poor bioavailability of lipophilic natural compounds after oral uptake in humans is related to
their reduced solubility in enteric water-based fluids, leading to an ineffective contact with absorbing
epithelium. The main goal to ensure efficacy of such compounds is then creating technological
conditions to deliver them into the first enteric tract as hydro-dispersible forms to maximize
epithelial absorption. The present work describes and characterizes a new technological matrix
(Lipomatrix, Labomar Research, Istrana, TV, Italy) based on a molten fats core in which Ascorbyl
Palmitate is embedded, able to deliver lipophilic compounds in a well-dispersed and emulsified
form once exposed to duodenal fluids. Authors describe and quantify Lipomatrix delivery of
Serenoa repens oil through an innovative in vitro model of human gastro-enteric digestion, reporting
results of its improved bioaccessibility, enteric absorption and efficacy compared with not formulated
Serenoa repens oil-containing commercial products using in vitro models of human intestine and
prostatic tissue.

Keywords: ascorbyl palmitate; mono and diglycerides of fatty acids; natural lipophilic compounds;
nutraceutical products; Serenoa repens oil; enteric bioaccessibility

1. Introduction

Natural compounds with specific reference to plant-derived active ingredients are raising interest
as coadjuvant treatment of human diseases. In recent years, this trend has consolidated and many
natural products have been introduced into the market under the label of nutritional supplements (NS)
or foods with special medical purposes (SMPF). Despite the effective and charming marketing efforts
of companies in selling these products following medical routes, the real efficacy of nutraceuticals is
still a challenging issue because of the inadequate technological framework for enhancing and testing
their bioavailability.
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Lipophilic active ingredients belonging to the families of terpens, saponins, and vegetal oils are
poorly absorbed by intestine mainly because of their low water solubility [1,2]. The interaction of
active compounds with intestinal epithelium depends on the dissolution of molecules in water-based
intestinal fluids [3]. A viscous mucopolysaccharides rich layer strictly adhering to the enteric
epithelium and synthesized by specialized Goblet cells, called unstirred water phase (UWP), (Figure 1)
plays a pivotal role in regulating the absorption rate of active ingredients. Mucins, indeed, can interact
with poorly-soluble molecules preventing their penetration [4,5].

Figure 1. Representation of UWP in the intestine. It is possible to recognize tight junctions and
Goblet cells.

Only water-soluble molecules or intimately water-dispersed molecules can readily diffuse through
this layer, favoring an effective intestinal absorption [6]. According to this premise, lipophilic terpens,
such as boswellic acids (BA) extracted from the resin of boswellia genus trees, vegetal oils such as ginger
oil (GO), Serenoa repens (Bartram) Small oil (SRO) and many others structurally similar compounds,
are not effectively absorbed through the intestine even in the presence of bile salts [7,8]. Advanced
technological matrices and delivery systems able of emulsifying lipophilic compounds or making
them hydro-dispersible in the duodenal tract represent promising and effective strategies to improve
their bioavailability.

Over the last decades, many companies and research institutes all over the world, tried to
discover new performing technologies for enhancing natural compounds bioavailability, in some cases
with great success as the patented technology PhytosomeTM. PhytosomeTM consists in a physical
complexation of the active ingredient with a phospholipid enabling it to overcoming the enteric barrier,
through an enterocyte membrane partitioning mechanism [9–11].

Many lipophilic plant-derived active principles have shown several biological relevant actions
such as anti-inflammatory activity, enteric physiology restoring activity, and osteoarticular health
promoting activity. However, their positive impact on human health is often limited by their poor
solubility in aqueous systems, such as digestive fluids, so leading to low enteric bio-accessibility and
bioavailability. Among them, SRO is a vegetal oil largely used in clinical practice to reduce symptoms
of human prostatic hyperplasia (HPH). This oil that mainly works by inhibiting 5-α-reductase enzyme
in prostatic cells and other androgen-sensible cells (sebaceous glands, hair follicles etc.) and by
modulating expression of PSA and inflammatory cytokines [12,13] is mainly composed of free fatty
acids (80–90% w/w) and several phytosterols of which β-Sitosterol is the most represented. SRO has
shown to be effective in reducing lower urinary tract symptoms (LUTS) such as normalizing urine
flow and reducing gland volume [14,15] at dosage of 320 mg of oil titrated at 80–90% in fatty acids per
day. Despite this efficacy and the ascertained prostatic tropism [16], not many data are available about
its overall bioavailability in humans [16,17] and in particular no data are available about the role of
peculiar delivery systems in improving it in humans.
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Several technological forms such as nanoemulsions (NE), solid lipid nanoparticles (SLN), and
self-emulsifying drug delivery systems (SEDDS) have been developed over the years to deliver
insoluble or poorly bio-accessible molecules. On the other side, it must be pointed out, that the most
part of natural compounds in form of oils and lipids-based formulations (LF) are mainly composed of
triglycerides (TG) in form of emulsion, NE and SLN and for this reason they are partially digested by
gastric lipase (GL) that cleaves TG generating free fatty acids (FFA) and diacylglycerols (DAG) [18–20].
This underestimated physiological phenomenon can dramatically affect the strategy of delivery of the
molecules entrapped into these technological systems [21,22], partially or totally compromising their
overall bioavailability.

To design a platform for increasing enteric absorption of lipophilic molecules, some requirements
should be considered pivotal to achieve a good pharmaceutical delivery tool: (i) delivery systems able
of retaining active ingredients in the stomach and releasing them in the duodenum; (ii) systems able of
enforcing bile salts effect in forming fine emulsions or micellar dispersions of lipophilic molecules in
the first duodenum; (iii) systems stable to enzymes and peculiar environment of the gastro-enteric
tract (iii) systems able of entrapping lipophilic compounds, even in oily form, in a hydro-dispersible
solid matrix powder to be easily transformed in capsules or tablets. Taking into consideration the
aforementioned requirements, a new technological matrix has been designed and developed to enhance
lipophilic compounds enteric absorption. This technological platform, named Lipomatrix (Labomar
Research, Istrana, TV, Italy), contains a molten fats core aimed to entrapping lipophilic compounds
into a gastric-refractory environment and to emulsify them once exposed to duodenal fluids. This
technology is based on a peculiar association of low melting point fats such as mono and diglycerides
of fatty acids (MDGFA) commonly used in food industry (E471), and ascorbyl palmitate (ASP), an ester
of L-ascorbic acid (AA) and palmitic acid (PA) widely employed in food, pharmaceutical and cosmetic
industry as antioxidant agent (E304) [23,24]. The precise chemical features of ASP and its peculiar
mechanism of action as emulsifying agent and drugs absorption enhancer are fully described in the
Supplementary file section.

In this work, we present for the first time, the technology Lipomatrix and its efficacy in favoring
apparent absorption and improving biological activities of SRO through human cell lines models.
Beside this main goal, the apparent enteric permeability rate of an extract of Cranberry (FlowensTM)
and Lycopene vehiculated in the mentioned technological matrix with SRO was assessed.

2. Results and Discussion

2.1. Differential Scanning Calorimetry (DSC) Analysis

DSC analysis was performed on MDGFA, mannitol, ASP, SRO, and Lipomatrix as described
in Section 3.2.1.2, in order to evaluate possible changes in the crystallinity structure of the single
raw material once embedded into the matrix and thereby speculate on its prevalent amorphous or
crystalline state. In Supplementary file DSC thermograms for the single substances are reported.

From the analysis of the Lipomatrix thermogram achieved in the range temperature of 25–125 ◦C
(Supplementary file) it is possible to recognize a melting pick between 47 and 55 ◦C coherent with
the melting point of MDGFA even though there is a significant decrease in the melting temperature
pick of about 10 ◦C in respect to MDGFA alone. This could mean that some interaction phenomena of
MDGFA with the other matrix components occurs during Lipomatrix preparation, with an overall
increase of the amorphous structure respect to the pure raw material [25,26]. Interestingly, comparing
the overlapping thermograms of single components and Lipomatrix one in the range 30–300 ◦C
(Figure 2, Table 1), it is possible to ascertain that both endothermic and exothermic picks of ASP
completely disappear, while the only distinctive endothermic pick seems to coincide to Mannitol one.
This fact could be explained considering the effective dissolution of ASP into the warmed lipidic
matrix, according to the method of production, taking place to a prevalent amorphous or disordered
crystalline phase molecular dispersion in the lipid matrix after cooling [27]. Finally, the appearing of
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a well-shaped exothermic pick in the Lipomatrix sample around 220 ◦C, not recognized in none of the
single components thermograms, could means that a sort of crystallization phenomenon occurs during
the warming of the mix of lipophilic components and its further rapid cooling onto the Mannitol to get
the final matrix. This phenomenon could be a further proof of an occurring structural change.

Figure 2. Overlapping thermograms of LIPOMATRIX containing SRO and single components. Black
line represents ASP. Red line represents MDGFA. Green line represents Lipomatrix with SRO. Blue line
represents Mannitol. Pink line represents SRO.

Table 1. Cristallinity index, entropy, and extrapolation pick time of Lipomatrix and any of
its constituents.

Cryst. Ind./Entropy/Extr. P MDGFA Mannitol ASP SRO
LIPOMATRIX

with SRO

Crystallinity Index (CI) (%) 15.75 12.50 11.49 n.r. 12.99
Entropy (mJ) −529.19 −2122.40 −837.90 n.r. −705.02

Exprapol. Peak (min) 1.74 7.17 4.52 n.r. 7.20

2.2. In Vitro Assessment of Lipomatrix Containing SRO Gastric Resistance

One of the three aliquots (triplicate) coming from the gastric-resistance experiment with
Lipomatrix powder containing SRO described in Materials and Methods (Section 3.2.4) and the one
coming from the same experiment assessed on equivalent amount of not formulated SRO contained in
two common gelatin soft-gel capsules have been collected and visually compared each other. An oily
layer on the GSF surface is appreciable only in the beaker containing SRO from the soft-gel capsules,
while no oily separation is appreciable in the beaker containing Lipomatrix powder. This provides
a significant evidence that no SRO release occurred throughout the GSF during the test (Figure 3).
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Figure 3. Visual comparison of the liquids coming from disaggregation test in GSF between Lipomatrix
containing SRO (left beaker) and soft-gel SRO contained in two soft-gel capsules (right beaker). It is
clearly appreciable the presence of an oily layer of SRO in the right beaker relating to the soft-gel
capsules and the absence of the oily layer in the surface of the GSF liquid relating to Lipomatrix powder.

GC-MS analysis confirmed the absence of SRO derived fatty acids in GSF with Lipomatrix,
suggesting that the technology guarantees a complete gastric resistance of SRO at full therapeutic
dosage (Figure 4). The major explanation of this observed behavior is that ASP remains unionized in
the stomach since low pH does not permit its enediolic ionization (pH < pKa) and this phenomenon
contributes, in synergy with MDGFA, to the overall gastric-resistance of the powder (see the
supplemental file section for more detailed explanation).

 

Figure 4. GC-MS overlapping chromatograms of SRO raw material and one of the aliquots of GSF
tested (in triplicate, see the supplementary file). The upper graph shows the peculiar picks of fatty acids
present in SRO (raw material) that completely disappeared in the lower graph (Lipomatrix specimen),
clearly indicating that no SRO release from Lipomatrix has occurred.
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2.3. In Vitro Emulsification

2.3.1. Emulsifying Behavior in FaSSIF-V2

The amount of Lipomatrix powder containing 640 mg of SRO has been dispersed in FaSSIF-V2 at
37 ◦C under moderate stirring conditions for 1 h, according to the method described in Materials and
Methods section (Section 3.2.1.2 and Section 3.2.3). The same experiment has been conducted testing
two soft-gel capsules containing the same amount of unformulated SRO. Lipomatrix, in force of the
auto-emulsifying profile awarded by the association of MDGFA and ASP at the duodenal simulated
conditions, allows a much better emulsification of SRO in FaSSIF-V2, creating the postulated synergy
with bile salts that prelude to a better bio-accessibility of the oil to the absorbing epithelium. On the
contrary, the soft-gel containing unformulated SRO does not take place to any significant emulsion
or micellar dispersion that could be visually recognizable (Figure 5). This experimental evidence
confirms the hypothesis of reduced and incomplete emulsifying property of sole bile towards oily
active ingredients.

g

 
Figure 5. Differential behavior in FaSSIF-V2 at 37 ◦C, 60 min. of 2 gelatin based soft-gel containing not
formulated SRO, 640 mg (left) and Lipomatrix powder containing the same amount of SRO (right). It is
possible to recognize the emulsifying capability of Lipomatrix in comparison with soft-gel in which no
apparent emulsification occurs. Some insoluble particles suspended in FaSSIF-V2 and ascribable to
insoluble excipients such as Magnesium Stearate and amorphous silica are appreciable.

2.3.2. DLS Analysis of Emulsified Dispersion of Lipomatrix in FaSSIF-V2

The DLS analysis of the sample containing SRO entrapped in Lipomatrix and dispersed in
FaSSIF-V2 produced the size distribution curve reported in Figure 6 (red line) whose descriptive
parameters are reported in Table 2.
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Figure 6. Particle size distribution of FaSSIF-V2 (black Line) and LIPOMATRIX in FaSSIF-V2 (red line)
after sonication (n = 5).

Table 2. Principal parameters of particle size distribution of the LIPOMATRIX in FaSSIF-V2 sample
after sonication.

Sample Name
Hydrodynamic Diameter

(Average ± Standard Deviation, nm)
Polydispersity Index

FaSSIF-V2
769 ± 274
161 ± 55

5468 ± 248
0.703

LIPOMATRIX in FaSSIF-V2
528 ± 378

27 ± 6
4511 ± 881

0.529

The FaSSIF-V2 sample shows a high polydispersity index (0.703) with three well-defined particles
populations (769, 161 and 5468 nm) of which the first one is the most abundant and the third the
least one. The sample of Lipomatrix dispersed in FaSSIF-V2 shows an elevated polydispersity index
(0.529) as well, even though lower than FaSSIF-V2 alone and is composed of three groups of particles
(528, 27, and 4511 nm), of which the first one is largely the most represented. The DLS evaluation
seems to consolidate the visual hypothesis that Lipomatrix can effectively disperse SRO in FaSSIF-V2,
giving rise to an even more finely dispersed system than FaSSIF-V2 alone (lower polydispersion
index and presence of a prevalent population around 500 nm). Lipomatrix seems therefore to create
a more uniform micellar dispersion in force of the presence of both ionized ASP and MDGFA. ASP
becomes partially ionized in the presence of enteric fluids (pH > pKa) and in force of this ionization
it behaves as hydro-soluble surfacting agent, capable of emulsifying SRO in synergy with MDGFA
and bile salts, generating mixed micellar structures [28,29] (Figure 7). This data gives an analytical
confirmation of the visual macroscopic difference of emulsification capability of SRO entrapped in
Lipomatrix compared to the same unformulated oil dispersed in FaSSIF-V2 as described in Section 2.3.1.
Finally, the comparison of the two specimens shows that a new population ascribable to Lipomatrix,
with average hydrodynamic diameter of 27 ± 6 nm, was generated.
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Figure 7. Representation of Lipomatrix mechanism of delivery: lipophilic molecule entrapped in a
mixed micellar structure composed of MDGFA, ASP, and bile salts.

2.4. SRO, PCA, and LYC Bioaccessibility

As previously mentioned, therapeutic applications of active principles from plants, such as SRO
oil or curcumine, are hindered by their poor solubility in aqueous medium like the digestive fluids.
Although their solubility during the digestive process is slightly improved by the emulsifying activity
of bile salts, new technologies aimed at improving lipophilic active principle bioaccessibility are
needed. To investigate Lipomatrix-based formulation (LBF) performance compared to the commercial
formulations, we exposed a single dose of each formulation to in vitro digestion procedure mimicking
human adulthood and evaluated the total amount of active principles and the apparent bioaccessible
fraction released from its matrix. The apparent bioaccessible fraction includes the portion available to
be absorbed. LBF has similar SRO apparent bioaccessibility of CF1 and CF2 formulations, with a good
emulsifying effect of Lipomatrix technology (Table 3 and Figure 8). Lipomatrix emulsifying efficiency
is similar to CF2, which contains soy lecithin emulsifier. CF1 has a lower emulsifying efficiency than
the others do since it does not contain any specific emulsifier in the formulation. CF1 emulsion is only
due to the presence of bile salts in the intestinal compartment. Bile acts, to some extent, as a surfactant,
helping to emulsify lipids and lipophilic molecules and increasing their absorption.

Table 3. Total amount and apparent bioaccessible fraction of SRO for the three tested formulations,
expressed as a percentage of the total SRO in a single dose (n = 3).

Serenoa Repens (Fatty Acids)

Formulation
Total Amount

Post-Digestion (%)
Apparent Bioaccessible

Fraction (%)
Emulsifying Efficiency

(%)

LBF 54.0 27.7 ± 3.7 51.3
CF1 62.4 30.1 ± 4.6 48.2
CF2 57.2 29.8 ± 7.4 52.0
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Figure 8. Apparent bioaccessibility of SRO contained in LBF and the two commercial formulations,
CF1 and CF2. (n = 3).

In addition to SRO, LBF contains PCA and LYC as active principles. As expected from the
gastric resistance test, Lipomatrix technology preserves PCA from degradation, as indicated from their
total amount and apparent bioaccessible fraction after digestion (Table 4). Protective effect was also
observed on LYC, which is preserved from digestion (Table 4).

Table 4. Total amount and bioaccessible fraction of PCA and LYC, expressed as a percentage of the
total FlowensTM and total lycopene in a single dose of LBF. (n = 3).

Total Amount Post-Digestion (%) Apparent Bioaccessibility (%)

Proanthocyanidins 100 98.6
Lycopene 100 62.5

2.5. Impact of Digested Formulations on Intestinal Epithelium Viability

Therapeutic formulations must respond to safety criteria. Taking into consideration their dose
and posology, formulations should not negatively affect patients. In particular, damages to the
intestinal epithelium must be carefully avoided. Before measuring apparent permeability of the three
formulations, the impact of digested formulations on intestinal epithelium viability and integrity was
assessed. To this aim, intestinal monolayers were exposed to increasing concentrations of the three
formulations, and dose-response curves were obtained (Figure 9). From these curves, half maximal
effective concentrations (EC50) were calculated (Table 5). As emerged from dose-responses curves and
EC50 values, LBF is the safest formulation.

Table 5. Half maximal effective concentrations (EC50) from dose-response curves.

Formulation EC50 (mg/mL)

LBF 8.8 ± 2.1
CF1 2.1 ± 0.1
CF2 7.8 ± 0.7
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Figure 9. Impact of formulations on intestinal mucosa viability evaluated by determining dose-response
curves on formulation concentrations. * Highest non-toxic concentration. (n = 3).

2.6. SRO, PCA, and LYC Absorption Rate

Based on the impact of digested formulations on intestinal epithelium viability and posology
(2 capsule/day LBF, 1 capsule/day CF1 and CF2), we set experiments for determining SRO, PCA, and
LYC absorption rate. In vitro intestinal epithelia were exposed to the digested formulations for 3 h,
and SRO (as fatty acids), PCA and LYC were measured in both apical (lumen) and basolateral (serosal)
chambers. Absorption rate was then calculated and expressed as percentage of absorption.

PCA and LYC values in the basolateral compartment were below the detection limits
(<0.005 mg/mL and <0.001 mg/mL respectively), as expected considering the low amount and
titer of LYC (1.33%) and PCA (2.45%) in LBF. Concerning SRO, its absorption rate is higher in LBF
than CF1 and CF2 (Table 6), though this difference is considered to be not statistically significant with
respect to CF1.

Table 6. SRO absorption rate expressed as a percentage of absorption ± standard error (SE) (n = 3).

Formulation S. repens Absorption Rate (% ± SE)

LBF 22.0 ± 12.7
CF1 18.8 ± 12.2
CF2 3.2 ± 3.2

Despite apparent bioaccessibility values, the highest absorption rate of LBF suggests that the
Lipomatrix technology supports the bioaccessible form of SRO more than the other two formulations
(Figure 10).
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Figure 10. Absorption rate of the three formulations: LBF, CF1, and CF2. (n = 3).

2.7. Impact of Digested Formulations on Intestinal Mucosa Viability and Integrity

After exposure of intestinal epithelia to digested formulations, Caco-2 monolayer viability and
barrier integrity were analyzed. As expected, no viability reduction was observed during absorption
rate experiments, while a slight but significant increase in apparent permeability (Papp) was observed
for all the three digested formulations (Figure 11).

(A) (B) 

Figure 11. Cell vitality (A) and apparent permeability (Papp) (B) of intestinal epithelium exposed to
digestive fluids (DF; control) and digested formulations (n = 3). LBF is composed of SRO, PAC, and
lycopene bioaccessible fractions as reported in Tables 5 and 6. CF1 and CF2 represent the bioaccessible
fractions as reported in Table 3.

Increase of the absorption rate parallels to a reduction of intestinal epithelia trans-epithelial
electrical resistance (TEER) after exposure (Figure 12). Both digested formulations and digestive fluids
reduced TEER transiently, since they fully recovered to pre-treatment values.
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Figure 12. TEER values recorded before the treatment (Pre-treatment), after exposure to digested
fluids (DF) or formulations (Post-treatment) at the bioaccessible concentrations, and upon 24 and 48 h
recovery. Values are expressed as percentage of the pre-treatment TEER value (n = 3).

2.8. Cytotoxic Effect of Diclofenac and Permeable Fractions on Prostatic Epithelium Model

SRO is one of the most popular natural treatments for treating HPH as mentioned. The permeable
fractions were tested on prostatic epithelium in vitro model to evaluate their efficacy against
inflammation process. Before performing efficacy tests, cytotoxicity of the anti-inflammatory positive
control Diclofenac and bioaccessible fractions on LNCaP was measured.

As shown in Figure 13, diclofenac significantly decreases prostatic cell viability at a concentration
of 80 μg/mL after 6 h exposure, with a highest non-toxic concentration of 32 μg/mL. Conversely,
no effect on cell vitality was observed on LNCaP cells after treatment with bioaccessible fractions
(Figure 14).

Figure 13. Effect of diclofenac on LNCaP prostatic cells vitality. * p < 0.05 (n = 3).
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Figure 14. Effect on LNCaP prostatic cells vitality after 6 h exposure to SRO. (n = 3).

2.9. Prostate-Specific Anti-Inflammatory Activity of Permeable Fractions

In recent years, inflammation has been recognized as the main phenomenon responsible for the
onset of HPH, a noncancerous increase in size of the prostate, leading to the appearance of bothersome
symptoms, such as frequent urination, difficult urination, weak stream, inability to urinate, and loss of
bladder control. Prostatic-specific anti-inflammatory activity of bioaccessible fractions was evaluated
on the in vitro prostatic epithelium model based on LNCaP cells, by measuring expression levels of
pro-inflammatory cytokines IL-1β and TNF-α.

As shown in Figure 15, bioaccessible fractions significantly reduce the production of IL-1β
compared to the control. In particular, the higher amount of SRO of LBF compared to the
two commercially available formulations, presents the strongest effect, with an 85% reduction in
IL-1β production.

Figure 15. Production profile of IL-1β following treatment of LNCaP prostatic cells with bioavailable
fractions: LBF: 22% SRO; CF1: 18.8% SRO; CF2: 3.2% SRO (Table 6). Diclofenac was used at 32 μg/mL.
CM: Conditioned medium. * p < 0.05 (n = 3).
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Interestingly, no TNF-α reduction was observed for the other considered pro-inflammatory
cytokine, TNF-α (Figure 16).

Figure 16. Production profile of TNF-α following treatment of LNCaP prostatic cells with bioavailable
fractions: LBF: 22% SRO; CF1: 18.8% SRO; CF2: 3.2% SRO (Table 6). Diclofenac was used at 32 μg/mL.
CM: Conditioned medium. * p < 0.05 (n = 3).

Conversely, to IL-1β, the production of TNF-α significantly increases upon exposure to LBF and
CF1 bioaccessible fractions. No effect was observed for CF2. This peculiar trend could be explained
considering the pro-apoptotic activity of SRO. Indeed, TNF-α is a cytokine known to be involved in
the apoptotic process. Silvestri and colleagues [30] demonstrated that SRO extract induces apoptosis in
LNCaP cells. To test this hypothesis, we evaluated the pro-apoptotic effect of SRO absorbable fractions
on the prostatic epithelium model in both uninflamed and inflamed conditions (Figure 17).

Figure 17. Pro-apoptotic activity of bioavailable fractions on LNCaP prostatic cells: LBF: 22% SRO; CF1:
18.8% SRO; CF2: 3.2% SRO (Table 6). Diclofenac was used at 32 μg/mL. CM: Conditioned medium.
Samples are normalized on no CM control. * p < 0.05 (n = 3).
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As expected, pro-apoptotic activity induced by bioaccessible fractions well correlates with TNF-α
expression, meaning a role of SRO in inducing apoptosis against inflamed and tumor prostatic cells.
The apparent contrast between LNCaP prostatic cells vitality (Figure 14) and apoptosis (Figure 17)
results could be explained by an early-apoptosis phenomenon. During early apoptosis phenomenon,
indeed, cells retain their vitality. Activation of early apoptosis cascade leads to cell dead at later times,
suggesting a decrease in LNCaP prostatic cells viability following prolonged exposure to SRO. While
no effects were observed after 6 h incubation (Figure 18A), cell viability significantly decreases after
24 h exposure (Figure 18B).

(A) (B) 

Figure 18. Effect on LNCaP prostatic cells vitality after 6 h (A) and 24 h (B) exposure to SRO. * p < 0.05
(n = 3).

2.10. Activity of Bioaccessible Fractions on PSA Secretion

Prostate-Specific Antigen (PSA) is considered the main serum marker for the progression of
prostate cancer [31]. A decrease in PSA secretion, following treatment with bioaccessible fractions,
indicates a potential therapeutic effect of the formulations. To verify the effect of the bioaccessible
formulations on PSA secretion, LNCaP hormone-sensitive cell line was used. Compared to control
conditions, PSA secretion decreased in cells treated with LBF and CF1 bioaccessible fractions, while no
differences were observed in cells treated with CF2 formulation (Figure 19).

Figure 19. PSA secretion in LNCaP prostatic cells treated with bio-accessible fraction of the different
formulations. * p < 0.05 (n = 3).
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2.11. Smooth Muscle Myorelaxing Activity

The decrease in epithelial-to-stromatic tissue ratio is a well-known marker of benign prostatic
hypeplasia (BPH) development. In the prostate, the stromal component is mainly composed of smooth
muscle tissue, which is normally contracted in response to adrenergic stimulation. As a result, urethra
lumen is reduced and urination made difficult. To explore the potential effect of tested formulations
on this BPH symptom, the myorelaxing activity of the bioaccessible fractions on smooth muscles was
evaluated using WPMY-1 myofibroblast in vitro model.

As shown in Figure 20, no muscle relaxation was induced by CF2 bioaccessible fraction.
Conversely, the bioaccessible fractions of LBF and CF1 showed a significant myorelaxing activity
on smooth muscles, with LBF presenting the highest myorelaxing activity.

(A) (B) 

Figure 20. Myorelaxing (A) and contraction inhibitory (B) activity of the bioaccessible fraction of the
different formulations on an in vitro model of smooth muscle. * p < 0.05 (n = 3).

3. Materials and Methods

3.1. Materials

Serenoa repens oil 85% fatty acids GC was purchased from Naturex S.p.a. (Caronno Pertusella,
VA, Italy). Ascorbyl palmitate and lecithin were purchased from A.C.E.F. (Fiorenzuola D’Arda, PC,
Italy). Mono- and diglycerides of fatty acids were from BASF Italia S.p.a. (Cesano Maderno, MB,
Italy). Mannitol, synthetic amorphous silica, magnesium stearate and sodium bicarbonate were
purchased from Giusto Faravelli S.p.a. (Milano, Italy). Sodium chloride was purchased from Fagron
Italia S.r.l. (Quarto Inferiore, BO, Italy). Thaurocholic acid was purchased from Shangai T and W
Pharmaceuticals Co. (Shangai, China), maleic acid and lipase from porcine pancreas were purchased
from Sigma-Aldrich (St Louis, MO, USA), FlowensTM and lycopene (powder titrated at min. 6% w/w)
were purchased from Naturex.

Caco-2 human colon adenocarcinoma cell line (ATCC® HTB-37™), LNCaP androgen-sensitive
human prostate adenocarcinoma cell line (ATCC® CRL-1740™), WPMY-1 human myofibroblast
stromal cell line (ATCC® CRL-2854™) and THP-1 (ATCC® TIB-202™) were purchased from
ATCC (Manassas, VA, USA). High glucose Dulbecco’s Modified Eagle Medium (DMEM), Roswell
Park Memorial Institute (RPMI) 1640 Medium, Hanks’ Balanced Salt Saline (HBSS), non-essential
amino acids (NEAA), L-glutamine, penicillin-streptomycin mix, lipolysaccharide (LPS), diclofenac,
dihydrotestosterone (DHT), phorbol 12-myristate 13-acetate (PMA), proantocyanidine A, B1, and B2
standards and Lucifer Yellow (LY) were purchased from Sigma-Aldrich (St Louis, MO, USA). Foetal
bovine serum (FBS) was purchased from Euroclone (Milan, IT). Interleukin 1β (IL-1β), Tumor Necrosis
Factor α (TNF-α) and prostate-specific antigen (PSA) ELISA kit were purchased was purchased from R
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and D Systems, PeproTech (London, UK) and Abcam (Cambridge, UK), respectively. Cell contraction
assay was purchased from Cell Biolabs (San Diego, CA, USA). Transwell® insert were purchased from
Millipore (Burlington, MA, USA). CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS)
and Apo-ONE® Homogeneous Caspase-3/7 Assay were purchased from Promega (Madison, WI, USA).
C18 cromatographic columns were purchased from Agilent (Santa Clara, CA, USA). Cyclo-oxygenase
(COX) activity assay kit was purchased from Cayman Chemicals (Ann Arbor, MI, USA).

3.2. Methods

3.2.1. Preparation of Lipomatrix Powder

3.2.1.1. Preparation of Lipomatrix Powder with SRO, Flowens, and Lycopene

MDGFA and ASP were dry mixed in a beaker and the mixture was melted at temperature of 80 ◦C
under mechanical stirring (IKA® RTC Basic Staufen, Germany). The resulting oily liquid phase was
added of SRO 85% fatty acids GC and Lycopene (powder titrated at min 6% w/w), maintaining the
temperature at 75 ◦C. Mannitol and FlowensTM, previously mixed and cooled down in fridge at 15 ◦C,
were put in a planetary mixer (Kenwood KMX750RD, De Longhi Treviso, Italia, Kenwood group)
and the hot oily phase was added on it in small continuous additions under mixing so to induce an
instant and uniform solidification of the lipid phase onto the cold powder. The formed composite
powder was cooled down at room temperature for 24 h. Finally, the granules were passed through
a 1.5 mm mesh net connected to the mechanical sieve (Vasquali, Marchesini group, Cerro Maggiore
(MI), ITALY). The resulting powder was added of synthetic amorphous silica and magnesium stearate
to improve powder flowability. Type 0 animal gelatin capsules were filled with the powder using
a manual encapsulator (MultiGel) so that the content of any capsule corresponded to 160 mg of SRO,
125 mg of Flowens and 5 mg of lycopene (powder titrated at 6% w/w).

3.2.1.2. Preparation of Lipomatrix Powder with SRO Alone

The same method of Section 3.2.1.1. in which no FlowensTM and lycopene powder have
been introduced.

3.2.2. Flow Property

Flow through an orifice was measured according to Ph. Eur. Chapter 2.9.36. The test was
performed using a metal truncated cone Flowability Tester (Flowability Tester BEP Auto Copley
Scientific, Colwick, Nottingham) with different size of the orifice. The time it took for 100 g of powder
to pass through 25–15–10 mm diameter orifices was measured in triplicate.

3.2.3. In Vitro Emulsification Test

In vitro emulsification in FaSSIF-V2 was performed as follows: a 100 mL glass beaker was filled
with 50 mL of simulated gastric fluid (GSF, according to Eur. Pharmcopea) and placed at 37 ◦C ± 0.5 ◦C
(IKA® RTC Basic). FaSSIF-V2 was chosen as model of enteric fluid to assess the real capability of
Lipomatrix to create soluble micellar forms in the duodenum without any interfering molecules coming
from ingested foods such as higher Lecithin concentration than FaSSIF-V2 and oleic acid (OA) esters
and salts (FeSSIF-V2) [32]. GSF was realized from demineralized water (inverse osmosis process)
added of dilute solution of HCl up to pH = 1. The quantity of Lipomatrix powder corresponding
to 4 capsules as described in Section 3.2.1.2. containing a total amount of 640 mg of SRO, has been
dispersed in the afore described GSF at 37 ◦C under moderate magnetic stirring (200 rpm, IKA® RTC
Basic) for 90 min simulating gastric transit time. After that, the suspended Lipomatrix powder was
decanted, the GSF was removed and replaced with 50 mL of FaSSIF-V2. FaSSIF-V2, composition
was the following: sodium chloride 68.62 mM, thaurocholic acid 3 mM, lecithin 0.2 mM, maleic acid
19.12 mM, lipase from porcine pancreas 100 units/mL, pH 7.20 adjusted with sodium bicarbonate.
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We preferred to use sodium bicarbonate instead of phosphate buffer, as described in the consolidated
FaSSIF-V2 model [33], to simulate the secretion of sodium bicarbonate by pancreas [34]. This model
showed furthermore to be useful to verify the pH lowering behavior of Lipomatrix ascribable to ASP
ionization, so confirming the postulated mechanism of action. The temperature of the media was
set at 37 ± 0.5 ◦C by means of a thermostatic probe. The powder was maintained in the dissolution
medium for 60 min under magnetic stirring (200 rpm, IKA® RTC Basic). During the test, pH probe
was introduced in the FaSSIF-V2 dispersion and pH was monitored continuously (Sension + PH3,
Hach). Since ASP embedded in Lipoamtrix ionizes in FaSSIF-V2 (pKa < pH), ionization leads to a pH
reduction so each 15 min pH was adjusted with sodium bicarbonate to maintain pH not less than 7.00
and simulate the continuous pancreatic secretion of sodium bicarbonate. The test has been assessed
with 50 mL of both GSF and FaSSIF-V2 to set the models close to the average volumes, of physiologic
fasted condition of gastro-enteric tract in humans [35,36].

3.2.4. In Vitro Assessment of Lipomatrix Containing SRO Gastric Resistance (the Test on Lipomatrix
Specimens was Performed in Triplicate)

A Semi-Automatic Disintegration Tester (Charles Ischi AG DISI-M) was used to simulate gastric
transit of Lipomatix powder as described in Section 3.2.1.2. The dissolution medium was 800 mL of
GSF at 37 ◦C (according to Eur. Ph). Three aliquots of Lipomatrix powder as described in Section 3.2.1.2
containing a total amount of 640 mg of SRO was maintained for 90 min in GSF anyone placed in
a single chamber of the mentioned device.

3.2.5. Analytical Characterization

3.2.5.1. Differential Scanning Calorimetry (DSC) Analysis

DSC scans were performed by a Mettler-Toledo DSC calorimeter using the following analysis
conditions: 25.00–300.00 ◦C, 20K/min and 25.00–125.00 ◦C, 10K/min. The Lipomatrix powder with
SRO alone (as described in Section 3.2.1.2) has been processed and each single excipient of which it is
composed as well. The main scope of this analysis is to understand the thermal behavior of Lipomatrix
powder and if any change in the structure occurs during fusion of the fatty phase and its further
rapid cooling during absorption onto the polyol-based powder. The thermal exchanges profile of any
component and of the final powder have been determined.

3.2.5.2. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis on Gastric-Resistance Test
Samples

To proceed with GC-MS assay, 5 mL of liquid coming from gastric resistance test chamber were
added of 100 μL of metyl pentadecanoate solution (115 μg/mL) as internal standard. Extraction
with ethyl acetate was performed three times. The obtained organic phases were pooled together,
anhydrified with sodium sulfate and led to dryness. The extracts were added of 3 mL of methanol and
1 mL of dichloromethane and were acidified with concentrated sulfuric acid. Samples were heated
under reflux for 40 min, then the solution were cooled down and diluted with water and diethyl ether.
The etheric phase was investigated.

The standard was prepared mixing 100 mg of SRO fatty acids GC with 1 mL of metyl
pentadecanoate solution (115 μg/mL) as internal standard, and adding 2 mL of dichloromethane,
10 mL of methanol and 0.2 mL of concentrated sulfuric acid. Standard sample was heated under reflux,
then cooled down and diluted with water and diethyl ether. The etheric phase was investigated.

The GC-MS system was comprised of a Varian 3800 equipped with autosampler and coupled
with a Varian Saturn 2100 MS/MS ion trap mass spectrometer. A HP-88 column (60 m × 0.25 mm)
was used for separation (J and W Scientific, Agilent technologies Inc., Santa Clara, CA 95051, USA)
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3.2.5.3. Dynamic Light Scattering (DLS) Analysis of Lipomatrix Dispersion in FaSSIF-V2

DLS was performed on emulsified dispersion of Lipomatrix in FaSSIF-V2 as described in
Section 3.2.1.2, corresponding to 640 mg of SRO resulting from in vitro emulsification test described in
Section 3.2.3. The size distribution of the particles was evaluated as a signal intensity function only.
The conversion of the signal intensity distribution into particles volume or number distribution can
cause error propagation since it requires some unavailable parameters (e.g., the particles refractive
index). The liquid samples (FaSSIF-V2 and Lipomatrix dispersion in FaSSIF-V2) were analyzed by
DLS (Zetasizer Nano S, Malvern).

3.2.6. Cell Cultures

3.2.6.1. Caco-2 Cell Culture

The Caco-2 human colon adenocarcinoma cells (passage 32 to 42) were seeded in adhesion
flask at a density of 2 × 103 cell/cm2 in Caco-2 Complete Medium (CCM) (high glucose DMEM,
10% heat inactivated FBS (FBS), 1% non-essential amino acids, 4 mM L-glutamine, and 1%
penicillin-streptomycin mix) and cultured at 37 ◦C and 5% CO2 in a humidified incubator. Cell
were seeded at 2000 cells/cm2 and subcultivated by tryspinization every 7 d when 80–90% confluent.
The medium was refreshed every other day.

3.2.6.2. LNCaP Cell Culture

The human prostate cancer cell line LNCaP cells (passage 25 to 40) were maintained in RPMI-1640
medium supplemented with 10% FBS and 1% penicillin-streptomycin mix. The cells were grown at 37
◦C in a humidified atmosphere with 5% CO2. Cell were seeded at 10,000 cell/cm2 and medium changes
every other day. As for Caco-2, cells were subcultivated by tryspinization every 7 d when 80–90%
confluent. For vitality and anti-inflammatory experiments, LNCaP were seeded 96-well plates and
six-well plates, respectively, at a density of 1 × 105 cell/cm2 and allowed to adhere for two days prior
to experiments, while for prostate-specific antigen (PSA) experiment cells were seeded at a density of
50,000 cells/cm2 in 24-well plates.

3.2.6.3. THP-1 Cell Culture

Human THP-1 monocytes (passage was maintained in RPMI-1640 medium with glutamate
supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin (GIBCO, Winsford
CW7 3GA, UK). Cells were cultured at a density of 5 × 105 cells/mL in 5% CO2 humidified atmosphere
at 37 ◦C and subcultured twice a week. Macrophage differentiation was induced by incubation with
500 nM phorbol myristate acetate (PMA; Sigma-Aldrich, MO, USA) for 24 h. Culture medium was
then replaced and cells cultured for an additional 24 h. For medium conditioning, 6 × 106 cell were
seeded in 75 cm2 flask, differentiate into macrophages as described before and treated with 1 ng/mL
LPS for 6 h. At the end of the LPS treatment, medium was recovered and stored at −80 ◦C until use.

3.2.6.4. WPMY-1 Cell Culture

Human prostate stromal (myofibroblast) (WPMY-1) (passage 40 to 50) were cultured in DMEM,
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin mix. As for Caco-2,
cells were seeded at 2000 cells/cm2 and subcultivated by tryspinization every 7 d when 80–90%
confluent. The medium was refreshed every other day. For cell contraction experiments, 1 × 106 cells
were loaded into each collagen gel.
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3.2.7. Determination of Active Principle Absorption Rate

To evaluate the effectiveness of Lipomatrix technology in increasing the enteric absorption rate of
lipophilic active principles, we compared the performance of a Lipomatrix-based formulation (LBF) as
described in 3.2.1.1 against two commercial formulations, as indicated in Table 7.

Table 7. List and composition of analyzed formulations.

Formulation Active Composition mg/capsule

Lipomatrix-based formulation
(LBF)

S. repens (Bartram) small oil (85% fatty acids, GC) 160

FlowensTM 125

Lycopene (6% minimum) 5

Commercial formulation 1
(CF1)

S. repens (Bartram) small oil extract from
fruit 320

Commercial formulation 2
(CF2)

S. repens (Bartram) small oil extract from
fruit (88% fatty acids) 320

Pinus massoniana L. dry extract from bark
(95% proanthocyanidin) 120

Crocus sativus L. dry extract from stigmas
(0.3% safranal) 100

3.2.7.1. Digestion Process

A single dose of each formulation listed in Table 7 was exposed to in vitro digestion process
simulating the physiological human digestion in the oral, gastric and intestinal compartments. Briefly,
the formulations were incubated for 5 min in saliva at 37 ± 1 ◦C, rotating head-over-heels at 55
rpm, simulating peristaltic movements. Subsequently, gastric juice (pH 1.3 ± 0.1) was added to the
mixture and the pH of the sample was checked and, if necessary, adjusted to 2.5 ± 0.5 with NaOH
(1 M) or HCl (37% w/w). The sample was further incubated rotating at 37 ◦C for 2 h. Subsequently,
duodenal juice (pH 8.1 ± 0.1), bile (pH 8.2 ± 0.1) and sodium bicarbonate were added. The pH of this
mixture was set at 6.5 ± 0.5 with NaOH (1 M) or HCl (37%) and it was rotated head-over-heels for
another 2 h. For simulated digestive fluids composition refer to Walczak et al., 2013. Once completed
the digestion process, SRO bioaccessibility was determined by measuring fatty acids with GC/MS,
while proanthocyanidin (PAC) and lycopene loaded in Lipomatrix formulation were determined by
high pressure liquid chromatography (HPLC).

3.2.7.2. HPLC Analysis of LYC and PCA

Bioaccessible fractions of LYC and PAC, released during the digestive process and absorbed at
the intestinal epithelium level, were determined by HPLC. Reversed phase HPLC with absorbance
detection (at 475 nm) based on the modified method of Thadikamala et al. (2009) was used for
analyzing LYC. HPLC separation was carried out using a Varian Prostar 210 pump system (Agilent)
and a UV–VIS detector (Variant Prostar, Agilent), operated at 25 ◦C. A C18 column (4.6 × 150 mm,
Agilent) was used with methanol-acetonitrile-methanol-tetrahydrofuran (THF) (70:25:5, v/v) as an
isocratic eluent. Each sample was dissolved first in methanol-THF (50:50, %v/v) and diluted as needed
in the same solvent. Quantification of the eluted LYC was accomplished by the peak area method
using the calibration range of 15 to 150 ppm of LYC (Sigma-Aldrich, Milan, Italy) as external standards.
For PACs, HPLC analysis was performed with Variant Prostar HPLC (Agilent) with the same pump
system and UV–VIS detector described above. The phenolic compounds were detected at 280 nm
with a flow rate of 1 mL/min. The column was operated at a temperature of 25 ◦C. Separations were
carried out with a C18 column (Agilent) in a dual pumping system by varying the proportion of
2.5% (v/v) acetic acid in water (mobile phase A) and 70% methanol in water (mobile phase B). The
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solvent gradient elution program was as follows: 10% to 26% B (v/v) in 10 min, to 70% B at 20 min
and finally to 90% B at 25 to 31 min. The injection volume for all samples was 100 μL. The phenolic
compounds were analyzed by matching the retention time and their spectral characteristics against
those of standards PAC A, B1, or B2 (20 to 400 ppm).

3.2.8. In Vitro Model of Human Intestinal Epithelium

Permeability and absorption rate of SRO (i.e., fatty acids), PAC and LYC were determined using an
in vitro model of human intestinal epithelium based on Caco-2 cells. Briefly, Caco-2 cells are seeded on
Transwell® polytetrafluoroethylene inserts (1 μm pore size) at an initial density of 1.5 × 105 cells/cm2

and allowed to mature and differentiate for 21 days. Indeed, thanks to the compartmentalized nature
of the Transwell® system (apical (or lumen) and basolateral (or serosal) compartment), Caco-2 cells
differentiate, acquiring morphological and functional feature typical of enterocytes, as the presence of
microvilli, tight junctions and P-glycoprotein. Absorption experiment were performed between 21 and
28 days post seeding.

3.2.8.1. Evaluation of the Impact of Digested Formulations on Intestinal Epithelium Viability

To evaluate the impact of digested formulations on intestinal epithelium viability, digested
formulations were serially diluted in digestive fluids (from 1:2 up to 1:32 dilution) and added to
the apical side of the in vitro intestinal epithelia, while HBSS buffer was placed in the basolateral
compartment. Digestive fluids (without formulations) were added to the apical side of the in vitro
intestinal epithelia as a negative control. After 3 h incubation, monolayers were washed twice with
pre-warmed HBSS and viability of intestinal epithelia was evaluated with MTS assay, according to
manufacturer’s instructions. This assay is based on MTS tetrazolium compound reduction by viable
cells to generate a colored formazan product that can be quantified by measuring the absorbance at
490 nm. The color intensity at 490 nm was determined with a microplate reader (Synergy4, Biotek,
Colonia Santo Domingo Azcapotzalco Distrito Federal, México). Cell viability (%) was expressed as
the ratio of the color intensity in the treated groups to that in the control (untreated) group. Absorption
rate experiments were performed using non-toxic concentrations determined by dose-response curves.

3.2.8.2. Evaluation of SRO (Fatty Acids), PCA, and LYC Enteric Absorption Rate

Based on dose-response curve information and their posology, digested formulations were added
to the apical side of the in vitro intestinal epithelium, while HBSS buffer supplemented with 1% BSA
was placed in the basolateral compartment. Due to the lipophilicity of formulation active components,
1% BSA was added to the basolateral compartment for improving their absorption rate. According to
the literature (Fossati et al., 2008) [37] the addition of BSA improves the correlation between absorption
occurring in Caco-2 cell monolayer and humans. After 3 h incubation, apical and basolateral solutions
were collected and fatty acids, proanthocyanidin and lycopene content was determined by GC/MS
and HPLC respectively. Absorption rate of SRO fatty acids, PCA and LYC is expressed as percentage
of absorption, derived from three independent experiments.

3.2.8.3. Barrier Integrity and Cell Viability

After exposure to digested formulations, cell viability and barrier integrity of the intestinal
epithelium model were evaluated. Briefly, at the end of the incubation with the digested formulations,
the in vitro intestinal epithelia were washed twice with pre-warmed HBSS and equilibrated in the
same buffer for 30 min. Once equilibrated, epithelia barrier integrity was evaluated by measuring
the trans-epithelial electrical resistance (TEER) of the cell monolayer with an ERS2 Voltohmmeter
(Millipore), equipped with a chopstick electrode. Intestinal epithelium model paracellular permeability
was determined with Lucifer Yellow (LY), a fluorescent polar tracer unable to pass through intact tight
junctions. Paracellular permeability was measured by adding 0.5 mL of 100 μg/mL LY in HBSS in
the apical compartment and 1.5 mL of HBSS in the basolateral compartment. After 1-h incubation,
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the basolateral fractions were collected and their fluorescence measured with a spectrofluorometer
(Synergy 4, Biotek). Apparent permeability coefficient (Papp, cm/s) was calculated with the
following formula:

Papp = (ΔC · V)/(Δt · A · C0) (1)

where ΔC/Δt is the flow of the molecule being transported across the monolayer during the incubation
time (mM/s), V is the volume of the basolateral compartment (cm3), A is the area of the membrane
(cm2), C0 is the initial concentration of the molecule in the apical compartment. Finally, cell viability
was evaluated by using MTS assay as described above.

3.2.9. Prostate-Specific Anti-Inflammatory Activity

The prostate-specific anti-inflammatory activity of the bioaccessible fraction of tested formulations
was evaluated in a prostatic epithelium in vitro model, based on tumoral prostatic cells (LNCaP).
The prostate-specific anti-inflammatory activity was evaluated pre-treating the in vitro model for 2 h
with the bioaccessible fractions corresponding to SRO concentrations reported in Table 8, and then
exposing the model to inflamed conditions for 4 h. In particular, prostatic epithelium in vitro model
was exposed either to normal monocytic/macrophage cell culture medium (uninflamed condition) or
THP-1 cell culture conditioned medium (CM, inflamed condition).

Table 8. Absorption rate expressed as a percentage of SRO absorption ± standard error (SE) and
concentration (μg/mL) at the basolateral compartment (serosal).

Formulation
S. Repens Absorption Rate

(% ± SE)
S. Repens Concentration in the
Serosal Compartment (μg/mL)

Lipomatrix 22.0 ± 12.7 300
CF1 18.8 ± 12.2 270
CF2 3.2 ± 3.2 50

CM was obtained by stimulating overnight PMA-differentiated THP-1 cells with the
pro-inflammatory compound LPS (1 ng/mL). LNCaP cells in normal monocytic/macrophage cell
culture medium and CM were used as negative and positive controls of inflammation respectively.
Diclofenac, a well-known anti-inflammatory drug, was used as a positive control of anti-inflammatory
activity. A dose-response curve was performed with MTS assay to determine Diclofenac highest
non-lethal concentration on prostatic epithelium in vitro model after 6 h exposure. Similarly, the impact
of bioaccessible fractions on LNCaP viability was checked by using MTS assay and morphology. At
the end of the treatment, in vitro prostate epithelia were washed with pre-warmed DPBS and detached
in ice-cold PBS with a cell scraper. Following centrifugation (1000× g for 5 min), LNCaP cells were
resuspendend in lysis buffer (protease inhibitor cocktail and 0.1% Triton X-100 in deionized water)
and sonicated (5 s pulse-on at 10% amplitude and 25 sec pulse-off, total time 1.5 min) (Sonicator
Q700, QSonica, Newtown, CT, USA). Finally, cell lysates were centrifuged for 15 min at 10,000× g
and the surnatants recovered. Anti-inflammatory activity was determined by measuring the amount
of pro-inflammatory cytokines interleukin-1beta (IL-1β) and tumor necrosis factor-alpha (TNF-α)
present in cell lysates. IL-1β and TNF-α were quantified by commercial ELISA (Enzyme-Linked
Immunosorbent Assay) kits, following the manufacturer’s instructions.

Anti-inflammatory effect of bioaccessible fractions was also evaluated in cell lysate by measuring
cyclooxygenase (COX) enzyme 1 and 2 activity. Total COX and COX-2 activities were assessed with
a commercial COX activity assay kit, following the manufacturer’s instructions.

3.2.9.1. SRO Pro-Apoptotic Activity

To evaluate the pro-apoptotic activity of the bioaccessible fractions of SRO, a fluorimetric assay,
based on caspases 3/7 activation, was performed (Apo-ONE® Homogeneous Caspase-3/7 Assay).
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This assay is based on the ability of activated caspases 3 and 7 to selectively cleave a specific substrate,
making it fluorescent (excitation wavelenght 499 nm, emission wavelength 521 nm). Consequently, the
produced fluorescence intensity is linked to the activation of the apoptotic process by cells. To correlate
anti-inflammatory with pro-apoptotic activity, the same experimental setup described above for the
anti-inflammatory activity was applied. Experiments were performed in triplicate and the assay
conducted following manufacturer’s instructions.

3.2.9.2. Smooth Muscle Myorelaxing Activity

The myorelaxing activity of the bioaccessible fraction of tested formulations was evaluated
in an in vitro model of smooth muscles, based on WPMY-1 human myofibroblast stromal cell.
The myorelaxing effect was analyzed by means of a two-step gel-contraction assay, following the
manufacturer’s instructions. The gel contraction assay is characterized by two phases: mechanical
stress-generating phase and floating phase. During the first phase, a mix of myofibroblast and
collagen is seeded and left to develop mechanical stress for two days while, during the floating
phase, gels are released and allowed to freely contract, dissipating the mechanical stress generated
during the first phase. Fibroblast-containing gels were exposed to the bioaccessible fraction of the
formulations for the duration of the experiment (24 h). The myorelaxation activity was calculated with
the following formula:

Myorelaxing Activity (%) = 100 − ((Cexposed/Ccontrol) × 100) (2)

where Cfibroblast is the contraction of the fibroblast-containing gels exposed to the bioaccessible fraction
of the different formulations and Ccontrol the contraction of the untreated fibroblast-containing gel
(positive control of contraction).

Gel contraction is calculated as follows:

Contraction (%) = 100 − ((Dfibroblast/Dcollagen) × 100) (3)

where Dfibroblast represents the diameter of the fibroblast-containing gel and Dcollagen the diameter of
the collagen gel in which fibroblast were not seeded (negative control of contraction). Experimental
and control cells were plated in triplicate and the diameter of each collagen gel was photographed
and measurement via images analysis, performed with ImageJ (University of Wisconsin-Madison,
Madison, WI, USA).

3.2.9.3. Measurement of Prostate Specific Antigen (PSA) Secretion by LNCaP Prostatic Cells

The effect of the different formulation bioaccessible fraction on the secretion of the
androgen-induced prostate-specific antigen (PSA), commonly used as a marker for prostate tumors,
was evaluated in LNCaP prostatic cells. After seeding and adhesion (48 h), normal cell culture medium
was replaced with a medium containing low hormone level for 24 h (10% charcoal-stripped FBS and
1% Penicillin-Streptomycin mix in RPMI without phenol red). The pre-treatment medium was then
removed and cells were incubated with the bioaccessible fraction of each formulation. A control was
included in the assay by treating cells with low-hormones cell culture medium. Additionally, control
and cells treated with LBF bioaccessible fraction were stimulated with dihydrotestosterone (DHT)
(10 nM), known to stimulate the release of PSA [38]. After 24 h exposure, media were collected for
measurement of secreted PSA using a commercial ELISA kit (Abcam), following the manufacturer’s
instructions. Results were expressed as percentage of secreted PSA in cells treated with different
formulations compared to control.
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3.3. Statistical Analysis

Results from performed experiments were statistically analyzed using OriginLab (OriginLab
Corporation, Northampton, MA, USA) software. Experiments were performed in triplicate, results
presented as average ± standard deviation. A p value of ≤0.05 was considered significant.

4. Conclusions

In the present paper, we demonstrated the successful application of a new technological
lipid-based delivery matrix (Lipomatrix) able to protect lipophilic plant-derived active principles
from the gastric compartment and favoring the formation of hydro-dispersible forms in the duodenum,
thanks to the pH-dependent ionization of ASP. Lipomatrix-based formulation, despite the not improved
apparent bioaccessibility data, seems to enhance overall enteric absorption of SRO in a CACO-2
cells model and this data well correlates with an overall improvement of its biologic effects on
in vitro prostatic tissue model, compared to not formulated commercial SRO. Indeed, we showed
that the Lipomatrix-associated fraction of SRO reduced inflammation and modulated cytokines
pattern expression, enhanced pro-apoptotic caspases-mediated activity and improved myo-relaxation
significantly better than not formulated SRO contained in the mentioned commercial products.
Lipomatrix-associated SRO shoved furthermore to significantly reduce PSA expression in LNCaP
prostatic cells but not better than one of the two SRO-containing commercial formulations tested.
Moreover, even though as preliminary evidence, SRO formulated in Lipomatrix seems to ensure
a higher safety profile on in vitro intestinal model in terms of overall cell vitality, compared to the
tested commercial formulations.

To conclude, taken together the data collected in this work, it is possible to consider Lipomatrix
as a promising, next generation technological platform for improving enteric delivery of SRO and
as consequence its efficacy on human prostatic gland, so confirming the potential significant role of
delivery systems in bioavailability of natural lipophilic compounds.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/3/
669/s1.
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