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Abstract: The plasma membrane lipid rafts are cholesterol- and sphingolipid-enriched domains
that allow regularly distributed, sub-micro-sized structures englobing proteins to compartmentalize
cellular processes. These membrane domains can be highly heterogeneous and dynamic, functioning
as signal transduction platforms that amplify the local concentrations and signaling of individual
components. Moreover, they participate in cell signaling routes that are known to be important
targets of environmental toxicants affecting cell redox status and calcium homeostasis, immune
regulation, and hormonal functions. In this work, the evidence that plasma membrane raft-like
domains operate as hubs for toxicants’ cellular actions is discussed, and suggestions for future
research are provided. Several studies address the insertion of pesticides and other organic pollutants
into membranes, their accumulation in lipid rafts, or lipid rafts’ disruption by polychlorinated
biphenyls (PCBs), benzo[a]pyrene (B[a]P), and even metals/metalloids. In hepatocytes, macrophages,
or neurons, B[a]P, airborne particulate matter, and other toxicants caused rafts’ protein and lipid
remodeling, oxidative changes, or amyloidogenesis. Different studies investigated the role of the
invaginated lipid rafts present in endothelial cells in mediating the vascular inflammatory effects of
PCBs. Furthermore, in vitro and in vivo data strongly implicate raft-localized NADPH oxidases, the
aryl hydrocarbon receptor, caveolin-1, and protein kinases in the toxic mechanisms of occupational
and environmental chemicals.

Keywords: caveolae; cholesterol; endocrine disruptors; environmental toxicology; inflammatory
signaling; lipophilic agents; membrane rafts; pollutants; polycyclic aromatic hydrocarbons; toxic agents

1. Introduction

Lipid rafts and plasma membrane domains abundant in cholesterol and sphingolipids
have been reported to participate in important cellular processes, namely, in terms of
the space-time dimension of signal transduction and cell signaling [1–3], and so act as
molecular signaling hubs.

Environmental and occupational toxicants can bring about a great diversity of cellular
and systemic alterations implicated in the short-term and long-term outcomes of toxic
exposures [4–9]. The cellular effects of common pollutants (or their metabolites) can
affect redox status, calcium homeostasis, metabolic and epigenetic programs, among
other disturbances, but the key molecular targets and mechanisms of action of specific
compounds remain unresolved [4,10–14].

Many environmental chemicals are lipophilic, which allows them to accumulate in the
plasma membrane, but the potential role of membrane raft-like domains unleashing their
cellular effects is debatable. As it will be discussed in the following sections, experimental
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evidence exists for the targeting of lipid rafts—on cells in vitro—by some toxicants, such as
polychlorinated biphenyls (PCBs) and air pollutants [15–17]. In addition, environmental or
occupational exposures have been demonstrated to alter the levels of raft-related lipids [18–20],
and to disturb signaling events associated with these membrane domains [6,15,21–23].

Therefore, it is plausible that raft-like domains at the plasma membrane play a role as
hubs/platforms for environmental and occupational toxicants to trigger or amplify their
toxic actions in cells. The present work aimed to collect and discuss the existing evidence
supporting this hypothesis and to identify gaps to be addressed in future research.

2. Lipid Rafts—Structure and Composition
2.1. Plasma Membrane Domains

The lipid rafts concept marked a change in the understanding of the plasma mem-
brane organization and function. Before it, the plasma membrane was understood by
Singer and Nicholson’s classical membrane fluid mosaic model. Nevertheless, the new
concept amplified the understanding related to the structure and function of the plasma
membrane [24,25] into a more complex structure where lateral diffusion of membrane
domains is possible. Lipid rafts are described as plasma membrane compartments highly
enriched in cholesterol, sphingolipids, and phospholipids containing saturated fatty acids
(Figure 1) that support different functions of the cell, such as signal transduction [24,26,27].
By norm, the lipid rafts are defined as membrane subdomains enriched in cholesterol and
sphingolipids containing saturated acyl chains as represented in Figure 1 [1,24]. The idea
of rafts derives from the floating property promoted by the sphingolipids’ enrichment in
the outer leaflet of the membrane (Figure 1) [28].
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Figure 1. Representation of the lipidic distribution in the lipid raft and non-lipid raft regions of
the cell membrane. Sphingolipids are enriched in the outer leaflet of the raft region, along with
saturated phospholipids present in the inner leaflet. Lipid rafts present a more packed organization
than non-raft regions. Figure created with BioRender.com.

The frontier between floating membrane domains and larger and more stable mem-
brane subdomains is not clear. Lipid rafts can vary from highly transient domains to larger
and more stable structures [29]. In this sense, the extent of lipid raft enlargement depends
on the organism, cell type, and composition of the raft [30]. In eukaryotic cells, lateral
compartmentalization of the plasma membrane into microdomains has been described,
and yeast cells present very well-defined membrane compartments [30]. The membrane
compartmentalization into subdomains is crucial for the physiological functions of the
cell [31], in accordance, the structure of these domains is distinct depending on the cell spe-
cialization [32–34]. Nevertheless, the compartmentalization mechanisms are complex and
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still need to be better understood, with a variety of possibilities for membrane subdomains
to co-exist, such as stable domains, transient compartments, or nanodomains [31].

In many mammalian cells, caveolae are the most abundant membrane subdomains [35].
They were first reported in 1955 [36] and are also considered a sub-type of lipid raft in the
form of small flask-shaped invaginations due to the presence of caveolin [37–39]. Although
lipid rafts have similar components and comparable functions, they are more diverse in
terms of size and considered more dynamic than caveolae [40]. Caveolae, on the contrary,
are considered stable structures in the plasma membrane [41].

The physical-chemical characteristics of caveolae facilitate their identification by elec-
tron microscopy, while the existence of lipid rafts in living cells remains to be clearly
demonstrated [40]. The direct observation of lipid rafts that would clarify the existence of
these structures in living organisms is challenging due to their nanoscale dimensions and
limited lifetime. For this reason, some authors are critical of the concept of lipid rafts [42,43]
and the methods used to study these domains are discussed [44]. Yet, scientific advances are
being made in this field [45] and a collection of fluorescent lipid probes that preferentially
partition into raft and non-raft domains has been suggested recently [46].

Despite the doubts of the scientific community about the appropriate nomenclature
of membrane raft-like domains and methodological limitations to proof the existence of
lipid rafts, from the perspective of Sevcsik and Schütz (2015), the concept of lipid rafts is
defended until methodological evidence is clarified [42]. Having this discussion in mind
and the common properties shared by the different membrane raft-like domains, the reader
will be guided throughout this review on the use of the general term “lipid rafts” as an
umbrella for the different nomenclatures that include rafts, detergent-resistant membranes
(DRMs), and caveolae [1,42].

2.2. Properties of Lipid Rafts and Composition

The lipid rafts, which originate from the interactions between sterols and saturated
lipids, form a liquid-ordered phase that is tightly packed, distinct from the typical dis-
ordered lipid phase regarding flexibility and permeability [24]. Regen (2020) presented
lipid rafts with a central role for cholesterol in promoting favorable or repelling interac-
tions depending on the lipid with which cholesterol interacts, i.e., high-melting lipids or
low-melting lipids, respectively [47]. Moreover, the lipid composition of these rafts was de-
scribed as being different between the exoplasmic and cytoplasmic leaflet faces. Cholesterol
and sphingolipids are described as being present in the outer face, while cholesterol and
phospholipids are in the inner leaflet of these microdomains (Figure 1) [48]. The difference
in lipid composition is justified by the difference in lipids’ function, with the phospholipids
forming the lipid bilayer and the sphingolipids modulating fundamental cell processes
such as apoptosis [49]. Furthermore, there is a correlation between the complexity of
membrane composition, properties, and functions. The presence of sphingolipids and
sterols in eukaryotic cell membranes makes vesicular trafficking possible, impacting the
establishment and maintenance of distinct organelles [50].

In general, cholesterol is an essential player in the different types of lipid rafts. The
deprivation of cholesterol reduced the number of caveolae in the cell, showing its essential
role in the formation of these structures [51], but its relevance doesn’t stop here. Its key
role in the cell requires its synthesis, homeostasis, and efflux to be maintained through a
free cholesterol concentration gradient between the endoplasmic reticulum and the plasma
membrane that is preserved by a tight feedback control mechanism [52]. Moreover, intracel-
lular cholesterol trafficking regulates membrane rafts and consequent cell signaling [52,53].
To investigate the effect of cholesterol in lipid rafts’ cellular mechanisms, different chemical
agents are used as methodological approaches to experimentally remove cholesterol. One
example of these cholesterol-depleting agents is nystatin, as described in [54], but methyl-
SS-cyclodextrin is probably one of the most commonly used to test the presence or function
of a protein in the cell microdomains [55–58].
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A well-described lipid specific to membrane rafts is the GM1 glycosphingolipids or
ganglioside [59,60], which is highly relevant for the function of diverse signalosomes [61]. The
GM1 glycosphingolipids are cellular receptors for the cholera toxin B-subunit (CTxB) [62], a
protein widely investigated and associated with lipid rafts [63]. This relationship makes CTxB
a lipid raft marker extensively used in studies of membrane biology and biophysics [19,64]. In
the laboratory led by Professor Carlos Gutierrez-Merino, CTxB was useful to demonstrate
the clustering of plasma membrane-bound cytochrome b5 reductase within "lipid raft" mi-
crodomains in neurons in vitro and the cerebellum cortex of adult rats [65,66]. In more recent
works developed by other groups, the presence of GM1 gangliosides near specific neuronal
proteins is starting to be revealed as an interfering factor for their function [67,68].

The lipid rafts are also composed of membrane proteins that can be recruited by
different molecular mechanisms, such as post-translational modifications like palmitoyla-
tion or protein-protein/lipid interactions, among others [69]. Moreover, the cooperation
between lipids and proteins is essential for membrane organization. For example, some
proteins, like cytoskeletal components, can regulate lipid domains, or, on the other hand,
protein oligomerization can contribute to the clustering and stabilization of raft domains,
as reviewed by [43]. As described before, a specific type of raft is known as caveolae (“little
caves”), containing caveolin proteins and forming the innermost layer of the caveolar
coat [39,70]. Caveolae form invaginations enriched in cholesterol, sphingolipids, and lipid-
modified proteins such as H-Ras, with the caveolins being suggested to act as concentration
and organization agents of these domains [71]. Other proteins were also reported to be
enriched on lipid rafts, and in the specific case of flotillin, it was described as stabilizing
caveolin-1 [71,72]. For better comprehension, in 2003, a study identified three different
types of proteins: raft proteins, raft-associated proteins, and nonspecific proteins [73]. Pro-
teins like flotillins and caveolin-1 were identified as raft and raft-associated proteins [73].
Moreover, another work reviewed the properties and functions of permanent raft-resident
proteins and temporary raft-resident proteins [69]. Again, the structural proteins caveolins
and flotillins were identified as permanent raft-resident proteins, while other proteins
like TNF receptor 1 and NADPH oxidase were identified as temporary raft-resident pro-
teins [69].

At the experimental level, having proteins identified by different studies as char-
acteristic of lipid rafts allows us to use them as lipid raft markers in DRMs. DRMs are
considered representative of membrane lipid rafts [1] since their obtention takes advantage
of the lipid rafts’ insolubility in non-ionic detergents at 4 ◦C and the consequent use of
sucrose-density gradients [74]. This methodological approach was used in the laboratory
of Professor Carlos Gutiérrez-Merino to investigate the presence of functional proteins
in the membrane microdomains of cultured cerebellar granule neurons [58,75–78]. But
fluorescence methods, such as Foster resonance energy transfer (FRET) and high-resolution
microscopic techniques, are useful when studying lipid rafts [45,46,52]. These tools allow
for carrying out studies related to signal transduction and cellular responses associated
with lipid rafts, which can be considered a technical challenge due to the nanoscale scale of
these cellular structures, estimated to be 5–80 nm [52].

2.3. Lipid Rafts as Platforms for Signal Transduction in Cells

As described in Section 2.1, despite the immensity of works on lipid rafts, their
existence, nature, and function in vivo are still an open question for some authors [43], due
to their dynamic nature and small occurrence scale [52]. Although their relevance for cell
function has been proposed since the first reports of lipid rafts [27], there is accumulating
evidence for their existence and role in cell biology [52].

It is expected that the presence of proteins in lipid rafts in nanoscale dimensions
favors the ability of lipid raft components to respond to diverse stimuli [52]. For exam-
ple, proteins such as calcium channels, transporters, and redox proteins were identified
in lipid raft microdomains of cerebellar granule cells [75–79]. These nanodomains were
suggested to act as “calcium micro-chip-like structures,” forming a focalized redox/calcium
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integrative structure for fast and efficient cross-talk between calcium and redox signaling
in neurons [77], which can be highly relevant to avoid distortion of cytoskeleton-linked
lipid raft structures more prone to oxidation such as actin [80]. Additionally, the removal
of cholesterol impacted cytosolic calcium homeostasis, leading cells to a pro-apoptotic
state, showing that the proximity between the investigated proteins guarantees their func-
tion in cell signaling [58]. Indeed, the consequences of removing cholesterol and having
non-functional proteins because they are dissociated from lipid rafts have long been de-
scribed [48]. These physiological advantages are representative of the cellular benefit of
membrane compartmentalization generated by the lipid rafts, but other works widely
reflect the effect of lipid rafts in cell signaling [1,81]. And, new cellular mechanisms asso-
ciated with raft membranes are being continuously described, such as inflammation [53],
tyrosine kinase receptor, T cell antigen receptor, and estrogenic signaling [82–84], as well
as signaling associated with cancer [3,85,86]. In the next section, a detailed description is
provided for the cellular mechanisms associated with lipid rafts.

3. Lipid Rafts in Cell Signaling and Disease

Cell maintenance and proper functioning rely on the different intra and extra-cellular
processes, their flux, equilibrium, and control. And lipid raft-like domains are described as
contributing to different cellular processes as described previously [1,53,81–84].

3.1. Calcium and Redox Signaling in Neurodegeneration

Different studies investigated the importance of lipid rafts in neurodegeneration, some
pointing to neuroprotective effects while others pointed to neuropathological consequences.
In this sense, different points of view are reflected in [87] and a reconfiguration of membrane
rafts was proposed as a strategy to counteract mechanisms associated with Alzheimer’s
disease (AD), Parkinson’s disease, and amyotrophic lateral sclerosis [88]. For example,
effects on the aggregation of amyloid and on the processing of the amyloid precursor
protein associated with lipid rafts have been reported [17,89]. Nevertheless, how chemical
toxicants can affect these mechanisms is not yet known. Recently, DTT was shown to
provoke loss of the postsynaptic density protein 95, a protein reported in complexes of raft
and postsynaptic proteins [90] and this effect was related to altered levels of the amyloid
precursor protein [91].

In terms of understanding the disrupting effects of oxidative and nitrosative stress
in lipid rafts, they are well described in neuroimmune disorders [92]. In the neuronal cell
line N27, the disruption of lipid rafts blocked androgen-induced oxidative stress in cells by
decreasing the localization of the membrane androgen receptor in lipid rafts [54]. In this
case, as in another study with brain endothelial cells [16], the production of reactive oxygen
species (ROS) was ascribed to raft-localized NADPH oxidase, a superoxide-producing
enzyme. On the contrary, lipid rafts in cerebellar granule neurons were described as ROS
generation points since they cluster the cytochrome b5 reductase, leading to exaggerated
plasma membrane-focalized superoxide anion production and oxidative stress-mediated
apoptosis [66,78]. This same protein was found close to lipid raft regions in adult rat
cerebellum neurons [65]. Additionally, in primary fibroblasts from familial AD patients,
the amyloid beta oligomers were recruited to membrane rafts leading to lipid peroxidation
and deregulation of calcium homeostasis [93]. A similar effect was observed in cerebellar
granule neurons, where the cytosolic calcium homeostasis was affected by the binding of
amyloid-calmodulin complexes to lipid rafts [94]. Indeed, calcium deregulation is impli-
cated in neurodegeneration [95–97] and, in different neurons, the removal of cholesterol
affected the calcium homeostasis controlled by different calcium proteins, leading, in the
case of cerebellar granule neurons, to apoptosis [58,98,99]. This interplay between oxidative
stress and calcium homeostasis in neurons related to lipid rafts is described by different
authors [77,99]. Thus, if we consider that the amyloid precursor protein and amyloid
peptides occur in the membrane rafts that are implicated in nitrosative processes and
modulation of calcium signaling in different neurons [17,89,94], the relevance of these
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structures—allowing the interplay between both signaling actors—in neurodegeneration
and other pathologies deserves further investigation.

3.2. Inflammation and Atherosclerosis

Another example of lipid rafts’ relevance in cell signaling is their implication in TNFα-
mediated signaling. A study showed that cholesterol sequestration from lipid rafts inhibits the
activation of the nuclear factor kappa-light chain-enhancer of activated B cells (NF-κB) path-
way and therefore induces the switch of TNFα-mediated responses toward apoptosis [100].
Moreover, the effects on TRL4 signaling in macrophages are also influenced by lipid rafts.
There are different mechanisms by which lipid raft perturbations—including intracellular and
extracellular cholesterol trafficking—regulate the innate immune response [53]. Recently, in
the context of neuroinflammation and pain processing, the concept of inflammaraft was pro-
posed to represent the lipid raft platforms that initiate an inflammatory response [101]. These
membrane microdomains function as a framework for inflammatory signaling, containing
receptors and signaling molecules such as TRL4, ion channels, and enzymes [101].

Exposure to ambient and diesel exhaust particulate matter (PM) and heavy met-
als like lead and mercury induces inflammation and endothelial/vascular dysfunction,
which is associated with altered vasoconstriction/vasorelaxation and the development
of atherosclerosis and cardiovascular diseases [5,12,14]. Noteworthy, proteins controlling
Ca2+ signaling and the endothelial nitric oxide synthase (eNOS or NOS3) are localized in
caveolae of endothelial cells and play central roles in regulating blood pressure and flow,
angiogenesis, and vascular inflammation [14,16,102,103]. In these cells, when cytosolic
or local microdomain calcium levels rise, calcium-calmodulin activates NOS3 and nitric
oxide production by displacing the enzyme from caveolin-1 [14,103]. At the disease level, a
review explored the relevance of the plasma membrane microdomains in the inflammation
associated with atherosclerosis [104]. Moreover, in vivo evidence highlights the signifi-
cance of lipid rafts [56,57] and inflammarafts were observed in nonfoamy macrophages in
atherosclerotic lesions [105].

3.3. Immune Regulation

The plasma membrane microdomains play an important role in immune regulation.
One example is the requirement of lipid rafts for target internalization by the platelet IgG
Fc receptor (FcγRIIa). Although the receptor activities are independent of the receptor
localization [106].

In T and B cell lines, the lipid rafts are also required for the recruitment of different
components of the death-inducing signaling complex (DISC), allowing efficient Fas sig-
naling and apoptosis [107]. Also in T cells, the lipid rafts were shown to be implicated
in the induction of apoptosis through the clustering of DISC protein components [108].
Moreover, the disruption of lipid rafts suppressed the drug-induced DISC assembly and
apoptosis [108]. Regarding the effects of disrupting lipid rafts in T cells, it was shown that it
affected T cell receptor (TCR) signaling [83] and receptor nanoclusters could be involved in
enhanced memory sensitivity compared with naive T cells [109]. Indeed, a study revealed
that T cell responses to TCR stimulation will depend on the level of lipid ordering in the
plasma membrane. The authors observed that high membrane order promoted T cell
proliferation, while low membrane order derives from insensitive T cells [110].

The deregulation of T and B cell signaling can conduct to autoimmune diseases. Di-
verse studies point to the relevance of the lipid raft signaling platform in unbridled T
cell responses in systemic lupus erythematosus (SLE). The T cells of SLE patients showed
increased expression of the raft-associated GM1 [111] and different lipid raft compositions
were associated with higher and frontloaded calcium responses [112]. Moreover, B lympho-
cytes of SLE patients showed altered expression of kinases and phosphatases and altered
interaction with lipid rafts or translocation into these microdomains [113].

In the case of autoimmune rheumatic disease, a study investigated ex vivo primary
human CD4+ T cells, observing that the response to TCR stimulation depends on the
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ordering of the lipid membrane. This study identified that the patients’ T cells showed a
distinct membrane order when compared with the T cells of healthy volunteers [110]. And
a recent study highlights the relevance of cholesterol-dependent membrane order in CD4+

T cell signaling [114].
Another interesting example of the rafts’ involvement in disease is the study case of

raftlin, an abundant protein in the lipid rafts of B cells and long known as essential for the
functioning of these lipid rafts and the associated B-cell antigen receptor signaling [115].
The fact that the development of chronic rhinosinusitis with nasal polyps is related to the
deficiency of raftlin in the nasal polyp tissue [116] points to the critical role of lipid raft
integrity in this tissue and disease.

3.4. Hormone Signaling

The thyrotropin receptor’s (TSHR) functions are regulated by lipid rafts [117]. And
these receptors are key regulators for thyroid growth and function, and interaction with
G proteins results in different cellular responses such as hormone synthesis and secretion
but also cell proliferation or survival. In a cell model, thyrotropin increased the TSHR
localization in plasma membrane rafts, apparently necessary for the subsequent internal-
ization of the receptor [19]. Moreover, the same mechanism of lipid raft-mediated hormone
signaling is described for the luteinizing hormone receptors. In this sense, the translocation
of the hormone-occupied luteinizing hormone receptors into lipid rafts was reported as an
optimizing condition for signaling [118].

The receptor tyrosine kinases, which also play a relevant role as hormone receptors,
are associated with different cellular processes after ligand binding. It should be recalled
that several environmental toxicants behave as endocrine disruptors, and some effects may
involve G protein-coupled receptors [4,119] and/or signal-transducing protein kinases
associated with lipid rafts—Src, MAPKs, JAK2, and LRRK2 (as detailed in Section 4). The
clustering of receptors and related kinases into the different lipid raft types along with the
affected signaling pathways is widely described, and a review is recommended for further
details [82]. In the same way, the nongenomic effects of estrogens were also described as
being related to the presence of estrogen receptor (ER) subpopulations in lipid rafts [84].
The activation of these plasma membrane ER triggers rapid cell responses, while the classic
effects mediated by intracellular ER take a few hours [84].

The interaction of estrogen with the ER located in signalosomes mainly present in lipid
rafts is described as conducting preventive mechanisms counteracting AD [120]. Indeed,
the malfunction of ER-signalosomes was also discussed in menopause conditions [121].
More recently, the same group showed a slight increase in six proteins associated with the
ER-signalosome—including ERalpha, caveolin-1, and flotillin—in the preclinical stages
of AD [122]. In addition to neurons, ERalfa or ERbeta have been found at caveola/lipid
rafts or associated with raft proteins in endothelial cells, vascular smooth muscle cells,
cardiomyocytes, platelets, lymphocytes, and cancer cells [84].

The ERalfa at membrane caveolae associates with G proteins, NOS3, Src kinases,
phosphoinositide 3-kinase (PI3K)/Akt, JAK/STAT, and MAPKs [84]. This cluster of pro-
teins partially coincides with the rafts-associated protein network further described in
Section 4 and can underlie changes in cytosolic calcium and cAMP levels, dysregulation of
nitric oxide production, and MAPK, PI3K, JAK/STAT, or Src/STAT pathway activation,
processes implicated in environmental toxicants’ exposure, inflammation, and carcinogene-
sis [4,5,11,12,123,124]. These ER signalosome complexes could allow estrogen disruptors
targeting lipid rafts to modify hormone signaling without direct interference with receptor-
hormone binding.

A membrane androgen receptor (AR45) has also been found in the plasma membrane
rafts of neuronal, prostate, and Sertoli cells [54]. In N27 neurons, AR45 is associated with
caveolin-1 and NADPH oxidase, and under oxidative conditions, testosterone amplified
cell stress and activated caspase-3 in a cholesterol-dependent way. Furthermore, the
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disruption of lipid rafts was reported to decrease membrane androgen receptors and their
internalization [54].

3.5. Cell Communication

Also in cell communication processes, the lipid rafts reveal themselves to be es-
sential either by favoring exosome uptake or biogenesis [125,126] or by influencing the
co-localization of connexin-43 with caveolin-1 [127].

Indeed, connexin-43 allows direct cell-cell communication through participation in gap
junctions and is also suggested to take part in cellular fine-tuned regulation mechanisms
like cell cycle regulation [128] which highlights the role of lipid rafts in these mechanisms.
Moreover, the spatiotemporal dimensions are becoming increasingly relevant to under-
standing membrane trafficking mechanisms, and lipid rafts are one of the players in the
automation of these biological processes [2].

3.6. Cell Death and Cancer

Additionally, and complementary to the role of cholesterol described earlier, the deple-
tion of this sterol can also affect apoptosis and proliferation mechanisms since it activates a
protein responsible for the maintenance of cellular pH, the Na+/H+ exchanger 1 (NHE-1).
In this case, cholesterol depletion is associated with a relocation of the protein outside the
microdomains, leading to its activation [129]. But from the therapeutic perspective of cell
signaling, cholesterol was shown to play a critical role in the resistance of glioblastoma cells
to temozolomide. The cell viability of non-resistant U251 cells increased by decreasing in-
tracellular cholesterol, whereas the addition of cholesterol decreased cell viability [130,131].
This effect occurred via the accumulation and activation of a protein of the tumor necrosis
factor receptor family—death receptor 5—in the lipid rafts that affect cell death mechanisms
via caspase signaling [131].

Other apoptotic and anti-apoptotic signaling pathways were also described as being
triggered by lipid rafts [132]. The apoptotic signaling dependent on lipid rafts can derive
from the receptors and channels embedded in the plasma membrane, such as Fas, CD5,
CD20, and Trpc-1, or via protein kinase proteins like Akt (or PKB), JNK, Src kinases, and
protein kinase C (PKC) family proteins [132]. Lipid rafts are implicated in the operation
of different signaling mechanisms regulating cancer cell survival, death, invasion, and
metastasis [85,86]. It is especially impressive that lipid rafts were revealed to be essential
to promoting or inhibiting the different cell signaling pathways associated with distinct
stages of metastasis, such as angiogenesis, epithelial-to-mesenchymal transition, migration,
transendothelial migration, cell death, and adhesion [3].

4. Effects of Environmental Toxicants in Lipid Rafts Organization and Signaling

Considering the high relevance of lipid rafts in cell signaling and disease, how envi-
ronmental toxicants affect such cellular mechanisms deserves to be explored.

If we look at the Gene Ontology (GO) database, 109 proteins are listed in the “Plasma
membrane raft” class of Cellular Component (GO:0044853). And, as expected, these
proteins are associated with a great diversity of cellular and molecular functions, including
responses to chemical stimuli and cellular stress.

Under the scope of this work, by refining the list of proteins to those classified in
the biological process “Cellular response to chemical stress” (GO:0062197), the protein
association network shown in Figure 2 could be obtained. The more enriched KEGG
pathway is the vascular endothelial growth factor (VEGF) signaling pathway—proteins
Src, MAPK1, and 3 (also known as ERK2 and 1, respectively), PTGS2, and NOS3—a
pathway tightly connected to angiogenesis, the permeability of endothelial cells, and tumor
growth. Also to be noted, the network contains several protein kinases, components of
the mitogen-activated protein kinase (MAPK), and other important signal transduction
pathways controlling a variety of biological processes, including cytoskeletal arrangements,
regulation of cell fate, and immune response. Hence, the proteins identified in this network
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seem to be probable mediators of cellular responses to toxic chemicals targeting plasma
membrane rafts. Indeed, as discussed in the next sections, some of these proteins were
described as involved in the cellular effects of environmental toxicants. But other proteins,
the lipids present in lipid raft-like domains, and the lipid rafts themselves are also described
as targets of environmental toxicants. At the end of this section, Figure 3 compiles a
schematic overview of the reported evidence found in the literature and distributed along
the next subsections.
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Figure 2. Interaction network of the proteins closely related to membrane lipid rafts and involved in
cellular responses to chemical stress. The network was generated with STRING https://string-db.org
(accessed on 15 April 2023) entering proteins classified simultaneously in Gene Ontology (GO)
“Plasma membrane raft” cellular component (GO:0044853) and Biological Process “Cellular response
to chemical stress” (GO:0062197). Physical subnetwork (edges indicate physical association) of
proteins with a minimum Interaction score of 0.400. Different colors represent the three clusters of
proteins obtained by both K-means and MCL clustering methods. The protein descriptions were
adapted from UniProtKB https://www.uniprot.org (accessed on 15 April 2023).

4.1. Accumulation of Environmental Toxicants in Lipid Rafts and Associated Cellular Effects

Being the cell membrane a barrier between extracellular and intracellular space, it
is expected that lipophilic organic compounds accumulate in this lipidic environment
(Figure 3). A study showed that lipophilic hydrocarbons accumulate in the lipid membrane,
affecting the structure and properties of the membrane [133]. In liposomes, the pesticides
1,1,1-trichloro-2,2-bis(p-chlorophenyl)-ethane (DDT) and lindane were found to intercalate
between the fatty acyl chains of membrane phospholipids [134,135]. Moreover, another
study investigating 240 organic compounds showed that partition coefficients for mem-
brane lipids are higher when compared to the partition coefficient for storage lipids [136].
And specifically, in the case of PAHs, it was shown that depending on the compound
investigated, it could mix or not with phospholipid monolayers. B[a]P, among others, was
shown to incorporate into the membrane [137]. But other cases of toxic accumulation in the
plasma membrane were described, such as the case of 2,4,6-trinitrotoluene (TNT) and its
metabolites [138]. Toxicant metabolites, even if more hydrophilic than the parent molecules,
can be incorporated into lipid membranes and modify lipid-lipid and lipid-protein interac-

https://string-db.org
https://www.uniprot.org
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tions. For instance, 1-hydroxypyrene, the main metabolite of pyrene and a biomarker of
PAH exposure, occupies the water-inaccessible interior of liposomes, apparently residing
in a quite rigid environment [139].

Studies with clear evidence for the accumulation of environmental toxicants on the
lipid raft domains of cell membranes are scarce. The enrichment of lipid rafts on toxic
species can occur by binding to proteins, as proposed for copper ion complexation by
amyloid in neuronal lipid rafts [89]. Another study demonstrated the accumulation of
PCB77 in the caveolae-rich fraction [102] and further studies revealed that exposure to
PCB77 strongly impacts vascular inflammation mechanisms [102,140]. Interestingly, in
both studies, caveolin-1 silencing attenuates the effects provoked by PCB77 either in vitro
or in vivo [102,140]. There was an increase in MCP-1 cytokine levels in endothelial cells
exposed to PCB77 [140]. Depicting the molecular mechanism implicated in the increase
of MCP-1 levels produced by PCB77, different pathways such as the aryl hydrocarbon
receptor (AhR), p38, and JNK signaling were identified [140]. Moreover, PCB77 provoked an
increase in caveolin-1 and CYP1A1 levels in the same cells, showing that PCB77 promoted
the binding of the AhR to caveolin-1 [102].

AhR is a transcription factor activated by several major environmental toxicants,
such as dioxins, some PAHs, pesticides, and PCBs, regulating the transcription of CYP450
enzymes (e.g., CYP1A1) and matrix metalloproteinases (MMP), among other genes [141].
However, the relevance of AhR non-genomic functions has been discussed, namely the
modulation of cytosolic calcium and caveolin-1 distribution [4,14,142]. In line with the
data above on endothelial cells, a subpopulation of AhR could be found in caveolin-1
DRMs from fibroblasts and hepatoma cells, and the two proteins could immunoprecipitate
each other [142]. Moreover, AhR expression promoted the localization of caveolin-1 at
fibroblasts’ DRMs, playing an important role in controlling cell adhesion and migration.
Mechanistically, a non-canonical AhR signaling pathway has been proposed to activate c-
Src, at least in response to dioxin (Figure 3), and c-Src activity participates in the regulation
of caveolin-1 expression and phosphorylation [14,141,142].

Oxidative stress was also associated with PCB77 exposure [102,140]. The aggregation
of PCBs into lipid rafts and induction of oxidative stress has been previously suggested,
as well as antioxidant compounds that could protect against the damaging effects of
PCBs [143,144]. PCB-induced oxidative stress can be related to the inhibition of nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) pathways, which are important for the induction
of antioxidant genes like heme oxygenase-1 (HMOX1). Caveolin-1 silencing increased Nrf2
transcriptional activity in PCB126-incubated cells, and endothelial cells from caveolin-1−/−

mice treated with PCB126 showed higher expression of antioxidant genes [145].
The same group observed that disruption of caveolae attenuated the B[a]P-induced

expression of the intercellular adhesion molecule-1 (ICAM-1), again revealing a pro-
inflammatory mechanism involving AhR signaling dependent on caveolae [146]. Thus far,
the accumulation of B[a]P in lipid rafts is not clearly evident. Therefore, this type of evi-
dence regarding the accumulation of environmental toxicants in lipid rafts would amplify
the perception of the relevance of these lipid structures in environmental toxicology.

4.2. Alterations in Rafts’ Lipid Composition and Associated Cellular Effects
4.2.1. Disruption of Lipid Rafts

Alteration of lipid raft properties and composition by environmental toxicants has
been reported in different studies [18,19,55,147].

A concrete effect on lipid rafts was described for iron associated with silica exposure
in macrophages, where disruption of lipid rafts was observed together with an increase
in superoxide, lipid oxidation, and cytokine production [55]. Iron chelators inhibited all
the effects, and an inhibitor of phospholipase C (PLC) blocked cytokine production. The
authors proposed that in the presence of a low noncytotoxic concentration of silica, iron
prompted lipid oxidation, disrupting lipid rafts, and signaling to produce cytokines by
way of PLC and NF-kB. The NF-kB is an essential regulator of inflammation and innate
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immunity, controlling the transcription of a variety of effectors including cytokines, ICAM-1,
and cyclooxygenase-2 (coded by the PTGS2 gene, Figure 2).

Lipid oxidation and oxidative stress were also observed in lipid raft fractions from
both the cerebral cortex of mice and neuronal cell models of AD exposed to airborne
PM with pro-amyloidogenic activity [17]. Pointing to the critical role of the oxidative
modifications, the PM triggered rapid increases in nitric oxide and hydroxynonenal in the
cells, and the antioxidant N-acetyl-cysteine attenuated the PM-induced increase in lipid
raft amyloidogenesis [17].

The effect of B[a]P in membrane remodeling was investigated by using rat liver F258
epithelial cells, revealing modification of lipid rafts [18]. Previously, the authors described
that B[a]P affected membrane fluidity, inducing apoptosis [148] and a deeper research design
showed that exposure to this toxicant changed the cellular distribution of the ganglioside-
GM1, altered fatty acid composition, and decreased the cholesterol content of lipid rafts in
different cell types [18,149]. This effect could be explained by the reduced expression of
3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase), observed with as low as
50 nM of B[a]P [18], since HMG-CoA reductase catalyzes the rate-limiting step of cholesterol
synthesis [150]. Moreover, the authors went further, and the experimental results obtained
suggest that AhR and CYP1 pathways are implicated in the membrane remodeling triggered
by B[a]P [18]. Indeed, the toxicity of this compound is closely linked to the activation of the
AhR and metabolization by CYP450 enzymes [4]. Furthermore, the membrane remodeling by
B[a]P was considered an apoptosis-inducing intracellular alkalinization event [18] that was
then shown to be related to the relocation of NHE-1 from lipid rafts promoted by B[a]P [151].
This alkalinization event was prevented by docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), which showed to act as protector agents precisely by affecting B[a]P effects at the
plasma membrane and NHE-1 activity [152].

B[a]P was also suggested as a destabilizing agent of lipid raft structure [147]. By using
rat hepatocytes, 100 nM of B[a]P provoked diffuse staining of the ganglioside-GM1 compared
to a no-treatment situation, but supplying cells with cholesterol counteracted the B[a]P effect.
Moreover, the addition of cholesterol also inhibited further cellular effects of B[a]P such
as decreased cell viability and ATP content. Additionally, B[a]P provoked lipid oxidation
that was then reversed by a lipid raft disrupter [147]. Furthermore, the authors observed
that B[a]P effects were aggravated by further exposing the cells to ethanol and that both
toxicants triggered the permeabilization of lysosomes through the plasma membrane [147].
The effect of B[a]P exposure on the decrease of membrane cholesterol was also reported
in human macrophages, where lipid raft stability is affected along with their activation
mechanism [15]. Finally, the effect of B[a]P on membrane dynamics and lipid components was
recently investigated in vivo [22]. In the lung tissue of B[a]P-exposed animals, it was observed
a decrease in the levels of cholesterol, glycolipids, microviscosity, and anisotropy, together
with an increase in total lipids and phospholipids [22]. Additionally, alterations in membrane
fluidity, polarization, and order of membrane were also described in lung tissue [22].

4.2.2. Alterations in Membrane Lipids

Together with disruption, changes in the membrane order and levels of raft-related
lipids are also reported after exposures to other organic and inorganic pollutants. By
incorporating into the bilayer, DTT decreased the phase transition temperature of model
membranes [134,135] and depleted rafts of their phosphoglycolipid and cholesterol con-
tents [19]. In Wistar rats, it was observed that aluminum treatment caused disorganization
of the lipid bilayer in erythrocytes [153]. PCB52 is described in two different studies for
its effect on cell membrane fluidity, either by increasing it in mouse thymocytes [154], or
by decreasing it in cerebellar granule cells [155]. Moreover, exposure of DU145 cells to
1 microM of the pesticide aldrin led to a decrease in phospholipids and sphingolipids,
whereas aroclor 1254 (PCB 82) and chlorpyrifos caused an increase in certain phospholipids
and glycosphingolipids in the chloroform and methanol extracts [156]. On a different front,
exposure to the anti-cancer cardiotoxic drug doxorubicin downregulated the HMG-CoA re-
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ductase in cancer cells, as previously reported for B[a]P [18], with the consequent reduction
of cholesterol and lipid rafts [157]. These actions of doxorubicin were closely connected to
the inactivation of the epidermal growth factor receptor (EGFR)/Src signaling pathway
and activation of caspase-3, effects that were ameliorated by cholesterol supplementation.
Interestingly, other work observed doxorubicin-induced caspase-3 activation in association
with lipid oxidation and NADPH oxidase activation [158], similar to the reported for B[a]P
and PM organic mixtures [4,147,159]. These environmental toxicants and others are ligands
of AhR that, in turn, can activate membrane NADPH oxidase [4,141].

The membrane raft-associated AhR discussed before and their possible functions as sig-
naling mediators, in addition to being transcription factors, might play important roles in
fibroblasts, hepatocytes, and endothelial cells’ responses to dioxin-like pollutants, especially
under conditions of membrane cholesterol deficit [14,142]. A dichloromethane extract of diesel
exhaust particles, containing the PAHs phenanthrene, fluoranthene, pyrene, and chrysene,
among other organic compounds, was found to disorder the plasma membrane of human
microvascular endothelial cells, an effect that was prevented with cholesterol supplementation
of the media [14]. The same extract and others with more lipophilic compounds triggered
a rapid increase in intracellular calcium, which was substantially reduced when AhR was
pharmacologically inhibited or knocked down via siRNA. However, the fast kinetics of this
response are inconsistent with a mechanism of transcriptional regulation and can only be ex-
plained by a nongenomic AhR signaling pathway. Functional interaction of the rafts-associated
AhR with caveolin-1 and Src signaling [14,141,142] indicates that caveolin-1, cytosolic calcium,
NADPH oxidases, and Src kinases can transduce the destabilization of cholesterol-rich plasma
membrane domains by organic toxicants (Figure 3). In neurons, the strongly hydrophobic
pesticide rotenone also induced a fast cytosolic calcium increase, but by way of specific calcium
channels expressed in these cells at membrane rafts [13,77].

4.2.3. Alterations in the Levels of Raft-Related Lipids

In humans, it is well established that cadmium, lead, and mercury exposures increase
serum cholesterol levels [12]. Correlations were also detected between blood concentrations
of arsenic and mercury, and especially manganese and zinc, with alterations in the levels
of plasmenyl phospholipids and sphingomyelin [160]. A metabolomic study of mice
exposed to PM also uncovered alterations in the blood levels of glycerol (phospho)lipids,
sphingolipids, and lysophospholipids and in pathways involved in the metabolism of fatty
acids and sterols, among other critical metabolites and hormones [20].

However, how these changes in lipid levels reflect in cell membrane lipid rafts has yet
to be investigated. In one study, exposure to manganese induced apoptosis in PC12 cells
together with an alteration of the lipidic profile of the DRMs regarding their composition on
phosphatidylinositol, phosphatidylcholine, and sphingomyelin [161]. Concerning changes
of lipids in membrane rafts, a recent study revealed that electronic cigarette smoke in
A549 provoked alterations in the levels of phosphatidylcholines, phosphatidylserine, and
sphingomyelin, among others, in lipid raft fractions [21]. Moreover, the addition of nicotine
exacerbated the differences in lipid raft composition [21].

4.3. Alterations in Rafts’ Proteome and Associated Cellular Effects

Following the rationale of the previous section for the effects of environmental toxi-
cants on the lipid composition of lipid rafts, in this section, the evidence for the effect of
environmental toxicants on the protein composition of lipid rafts will be presented together
with associated cellular effects.

4.3.1. Alterations in Lipid Raft-Associated Proteins

A recent study using red blood cells reported that mercury exposure leads to alterations
in flotillin-2 levels, detected by electrophoresis of total membrane proteins [23]. This is
highly relevant because in these cells, the protein flotillin-2 is reported as one of the major
protein components of lipid rafts [162]. Moreover, at the structural level, the authors
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propose that mercury exposure could provoke membrane fragmentation of red blood
cells [23], since flotillin-2 is responsible for membrane stability and is recognized to facilitate
the association of protein complexes at the interface between membrane and cytosol [163].
Interestingly, exposure to copper was also described as having an effect on the distribution
of flotillin-2 in the lipid rafts of neuroblastoma cells [89].

Another example of alterations in rafts’ proteomes is the displacement of proteins from
these membrane regions, as occurs for occluding in human brain endothelial cells exposed
to the industrial chemical 2,2’,4,4’,5,5’-hexachlorobiphenyl, also known as PCB153 [164].
The cellular mechanism by which this displacement occurs is related to PCB153-induced
dephosphorylation of the threonine residues of occluding via activation of protein phos-
phatase 2A (PP2A) and MMP-2 [164]. In this cell model, MMP-2 activity was detected in
lipid rafts and increased after PCB153 incubation. More importantly, MMP-2 inhibition
prevented PCB153-induced loss of occluding from tight junctions and disruption of lipid
raft assembly associated with endothelial barrier function (Figure 3). Other polychlorinated
chemicals induce MMP-2 release by prostate cancer cells [156].

Exposure of CHO-K1 cells transfected with TSHR to the pesticide DDT abrogated
the co-localization between the TSHR and lipid rafts, with consequences for receptor
internalization [19]. Interestingly, the actions of DDT were not unspecific, as a lipophilic
compound structurally related to DDT (diphenylethylene) did not mimic DDT’s effects.
Also, the exposure of macrophages to B[a]P was reported to provoke a displacement
of the CD32 protein from lipid rafts to non-lipid raft fractions, affecting macrophage
effector functions [15] (Figure 3). Other authors showed that secondhand smoke depleted
the expression of the cystic fibrosis transmembrane conductance regulator and lipid-raft-
associated activity, a potential mechanism suggested for impaired phagocytosis [165].
Similar effects were observed for the SH-SY5Y human neuroblastoma cells incubated with
copper ions, where a decrease of the γ-secretase protein in lipid rafts and activity was
observed [89].

4.3.2. Recruitment and Aggregation of Proteins in Lipid Rafts

Recently, exposure to vanadium (IV) compounds was revealed to promote aggrega-
tion and accumulation of the luteinizing hormone receptors in the plasma membrane of
CHO cells, with the formation of clusters containing these receptors [119]. One of the
compounds—bis(maltolato)oxovanadium(IV)—also provoked lipid packing. Indeed, expo-
sure to these compounds was previously reported to produce similar effects in RBL-2H3
cells regarding lipid packing and insulin receptors [166].

The exposure to traffic-related PM revealed that it altered the processing of amyloid
precursor protein in lipid raft fractions from in vivo and in vitro samples [17]. On hepatoma
Hepa1c1c7 cells, the effect of B[a]P—a cigarette smoke and PM component—provoked
changes in the membrane localization of flotillin-1 and the displacement of connexin-2
from lipid rafts [149]. Indeed, the recruitment of signaling proteins into lipid rafts after
exposure to cigarette smoke extract or PM is not a surprise. In human lung fibroblasts, the
recruitment of the death-inducing signaling complex into lipid rafts was reported after
exposure to cigarette smoke extract [167]. In human alveolar epithelial cells, exposure
to tire debris organic extracts—described to contain PM10 and PM2.5 [168]—resulted in
an increase in lipid rafts and caveolae markers flotillin-1, caveolin-1, and CD55 in the
prepared DRMs [169]. Also in these fractions, an increase in the levels of HMOX1 was
observed after exposure to these extracts [169], a protein already signaled in Figure 2.
Interestingly, a decade later, in the same cell line—A549—similar effects were observed
for exposure to cigarette smoke extract or e-cigarette vapor condensate. This exposure
provoked an increment in the expression of the lipid raft proteins caveolin-1, -2, and
flotillin-1 [170]. It was observed that exposure of A549 cells to cigarette extract promoted
the recruitment of inflammation-related proteins—NLRP10 and NLRP12—into the lipid
rafts, as well as the interaction of NLRP12 with caveolin-1 [170]. In addition, e-cigarette
smoke with or without nicotine promoted the formation of protein complexes associated
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with inflammation containing TRL4, NOD-1, and caveolin-1 in the lipid rafts [21]. A study
investigating the effect of nicotine on macrophages highlighted the increase in nicotinic
acetylcholine receptor expression and accumulation in lipid rafts and the consequent
activation of the NLRP3 inflammasome [56]. Moreover, the disruption of lipid rafts by
methyl-β-cyclodextrin reduced the accumulation of these receptors in lipid rafts and
inflammasome activation [56]. Having in mind that inflammatory signaling is a common
response to environmental pollutants, the effects of airborne PM and organic pollutants on
the dynamics of inflammasome proteins in lipid rafts deserve further investigation.

4.3.3. Activation of Other Signaling Pathways

Lipid rafts were reported as a structural scenario for the PCB153-induced phospho-
rylation of JAK and Src kinases and upregulation of cell adhesion molecules (CAMs) that
affect leukocyte infiltration in brain endothelial cells [16]. In this study, cholesterol deple-
tion blocked the lipid raft-dependent NADPH oxidase/JAK/EGFR signaling mechanism
triggered by PCB153. Nevertheless, silencing caveolin-1 didn’t affect the upregulation of
CAMs, indicating that caveolae are not a condition for the PCB153-induced phosphory-
lation mechanisms [16]. Remarkably, occludin co-immunoprecipitated with PP2A and
caveolin-1, and the displacement of occludin from DRMs and increased permeability of
endothelial cells were substantially reduced when PP2A activity was inhibited [164]. There-
fore, the Src/PP2A described in other settings [171] might participate in the early toxic
actions of PCB153 at membrane rafts (Figure 3).

Lipid rafts are also implicated in the signaling pathway associated with the TCR by
favoring the co-localization of the TCR, of the linker for activation of T cells (LAT), and
of the LCK [172]. This last one is a protein of the Src family that, after stimulation of
TCR, is activated and favors a phosphorylation cascade involving ZAP70 and LAT, which,
as a consequence, recruits PLC to rafts [173]. In this case, exposure of T lymphocytes to
ethanol resulted in an inhibition of the co-localization of LCK, ZAP70, LAT, and PLC in
plasma membrane lipid rafts essential for TCR signaling and consequent expression of
interleukin-2 [173].

More recently, a study reinforced the role of G protein-coupled receptor (GPCR) ac-
tivation by toxicants through lipid raft regions. In CHO cells, an increase in intracellular
cAMP was observed after exposure to vanadium compounds, which is complementary to
the aggregation of luteinizing hormone receptors in clusters, as described previously [119].
In addition to the luteinizing hormone receptor and TSHR already mentioned, there are
GPCRs for a variety of peptide hormones, lipid mediators of inflammation, and biogenic
amines (e.g., adrenaline), among other ligands, and GPCRs are commonly palmitoylated
and located at cholesterol-rich domains of the plasma membrane [174,175]. In this regard,
the β-adrenoceptor has been implicated in the PAH-induced increase of intracellular cal-
cium concentration [176], and the beta-blocker carvedilol attenuates B[a]P toxicity [177].
GPCRs transduce the signal primarily by the cAMP/protein kinase A and the phosphatidyli-
nositol/PLC/PKC pathways, incorporating calcium/calmodulin, ROS, and nitric oxide
signaling, so their possible modulation by environmental toxicants warrants more exten-
sive studies.
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5. Conclusions and Future Perspectives

The evidence collected throughout this work points to the role of lipid rafts as targets
of environmental toxicants—such as PM, PAHs, PCBs, pesticides, and metal ions, among
others—unleashing cell signaling mechanisms consequent to toxic exposure. The identified
triggering mechanisms may be toxicant-specific, while other mechanisms are common to
different toxicants. Considering this, some suggestions for future research are given:

• When studying the effect of a toxicant in lipid rafts, several effects can be considered
for research since they have already been reported to be common to different toxicant
exposures. They include alteration of lipid raft composition (lipids and proteins),
alteration of cholesterol content and membrane fluidity, recruitment or displacement
of proteins from these membrane domains, and oxidative stress.

• The accumulation of toxicants in lipid rafts is not a clear point, with only PCB77 being
reported to accumulate in these membrane domains [102]. Nevertheless, if similar
behavior could be demonstrated for additional toxicants, it would strengthen the
relevance of these lipid structures in environmental toxicology.

• The effect of environmental toxicants on inflammatory processes deserves to be fur-
ther investigated, considering that inflammatory signaling is a common response to
environmental pollutants [5], with some responses dependent on inflammarafts [101],
and activation of inflammasomes [56].

• In the case of exposure to B[a]P, alteration of GM1 and raft protein localization is
reported. With this in mind, investigating the effect of other environmental toxicants
on the distribution of GM1 can be highly interesting if we consider that the location
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of GM1 near membrane channels affects their activity [67,68]. Moreover, the effect
of B[a]P on the relocation of NHE-1 outside lipid rafts, with consequences for its
apoptotic function [151], may be translated to other toxicants.

• The activation of a specific GPCR type via membrane clustering after exposure to
vanadium [119], together with the wide range of ligands binding to these receptors
and the vast signaling associated, makes these receptors a potential trigger for envi-
ronmental toxicants, but whether this depends on lipid raft structure is a hypothesis
that deserves to be studied.

• Another research dimension to be explored is how environmental toxicants can in-
terfere with the interplay of different signals coming from proteins associated with
lipid rafts. For example, the lipid rafts are near enzymatic systems producing ROS,
like NADPH oxidases and nitric oxide synthases [16,66,78]. This gains even more
relevance if we consider that different environmental toxicants are ligands of AhR,
leading to activation of membrane NADPH oxidases [4,141].

• AhR is a reported target of PCBs, PAHs, PM, and persistent organic pollutants [140,141,146]
and the non-canonical AhR signaling pathway [14,141,142] deserves to be explored for the
effects of additional environmental toxicants. More specific data is needed to understand
how membrane rafts/caveola modulate the activity of transcription factors like AhR and
Nrf2, which are highly implicated in the cellular effects of environmental toxicants.

• Finally, to address the role of lipid rafts in triggering a specific cellular mechanism after
any toxic exposure, it is important to employ different cell models expressing different
membrane receptors and signaling components at lipid rafts since signaling differences
were identified in this work. For example, in endothelial cells, the toxicant effects
described to be associated with lipid rafts are changes in Nrf2 signaling, an increase in
MCP-1 associated with AhR, p38, and JNK signaling pathways, and the displacement
of occludin from lipid rafts is also described [140,145,164]. Nevertheless, in neurons,
the involvement of lipid rafts in oxidative stress and the increase of cell calcium are
potential cellular mechanisms affected by exposure to harmful compounds [13,17,77].

Information on the effect of environmental toxicants in lipid rafts and associated
cell signaling mechanisms is compiled in this article, and to the best of our knowledge,
this is the first review approaching the effect of environmental toxicants on lipid raft
signaling. The collected data endorse that membrane raft-like domains can function as
hubs for the regulation of toxic cellular mechanisms triggered by these harmful chemical
agents. Therefore, this concept can provide meaningful insights into the comprehension of
environmental toxicants’ molecular effects at the cellular level.
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