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Abstract. The legacy of Micheal Chevruel’s discovery of “cholesterine” as a non-saponifiable lipid from gall stones has ignited the imagination and research of countless minds for over two centuries now. In this review, we have provided a brief
chronicle of the early history of cholesterol research which paved the way to present day understanding of membrane biology. We have discussed the properties and functionality of various fluorescent analogs of cholesterol in view of the ultra-high
sensitivity, rapid response and spatial resolution obtained using fluorescence spectroscopic, microscopic and flow cytometric
techniques. The repertoire of fluorescent analogs discussed for cholesterol research include the naturally occurring analogs
(dehydroergosterol and cholestatrienol); polarity sensitive probes (NBD- and dansyl-cholesterol); bright and photostable probe
(BODIPY-cholesterol); clickable alkyne cholesterol and cholesterol binding macromolecules (fluorescently labeled non-toxic
subunits of perfringolysin O and filipin) in monitoring cholesterol content in live and fixed cells. We have elaborated on the applications of the fluorescent analogs of cholesterol in clinical research, taking atherosclerosis, Niemann–Pick C and Alzheimer’s
disease as representative examples. The applicability of fluorescent probes of cholesterol has become more relevant with the
advent of various super-resolution microscopic techniques today and holds the promise of shedding light into the molecular
orchestra of lipid-protein interaction with nanometer-scale resolution.
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1. Cholesterol, a “Nobel” molecule: A brief journey through its fascinating history
Cholesterol is a representative non-polar lipid in higher eukaryotic cellular membranes and is crucial for membrane organization, dynamics, function, and vesicular sorting [89,112,150]. Cholesterol is
a predominantly hydrophobic molecule comprising of a near planar tetracyclic fused steroid ring and a
flexible isooctyl hydrocarbon tail [see Fig. 1]. The isolation of crystals of cholesterol from gall-stones
was first performed by Lyon-born doctor François Poulletier de la Salle in 1758 by dissolving powdered
gall-stones in warm alcohol [84]. Poulletier identified cholesterol as a form of wax, known through his
personal communications with Pierre-Joseph Macquer, who documented the finding in Dictionnaire de
Chymie in 1788 [84]. Poulletier also communicated his results to Fourcroy, who gave a more detailed
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Fig. 1. Molecular anatomy of cholesterol and its influence in health and disease. (a) Chemical structure of cholesterol depicting
its three structurally distinct regions, each outlined in a shaded box: a polar 3β-hydroxyl group (enclosed in the circle at the
bottom), a rigid near-planar tetracyclic sterol ring (enclosed in the bigger box in the middle), and a flexible acyl chain (enclosed in the smaller box at the top). Historically, Michel Chevruel isolated cholesterol from gall stones and coined the term
“cholesterine” to describe it for the first time in 1815. Currently, pure cholesterol (greater than 99% pure by GC chromatography) is commercially available from companies such as Sigma for research purposes from saponifation of lanolin extracted
from sheeps’s wool. (b) Number of publications related to cholesterol per year from 1901 onwards. Data was obtained by
searching Pubmed (http://www.ncbi.nlm.nih.gov/pubmed/) with the term “cholesterol”. The figure shows a steady increase in
the number of publications in cholesterol from 1960’s onward. This coincides with the era when the chemical structure was
determined and the biosynthetic pathway recently deciphered (see Fig. 2 and Section 1 in text for details). There has been an
almost exponential increase in the number of papers published on cholesterol, indicating its enormous importance in a large
number of field associated with health and diseases.
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account in 1789 after the Poulletier’s demise [11]. Between 1775–1789, the isolation of “shiny” crystalline material from gall stones was documented in multiple academic institutions in Europe. The first
documentation was by Conradi in 1775 followed by Delius (1782) and Dietrich (1788) [84]. Delius and
Dietrich, working with Gren, gave an early analysis of gallstones as a 85% waxy and 15% resinous material [84]. The first nomenclature of cholesterol came in 1815, when Michel Chevreul working in Paris
recognized that fatty appearing substance from human gall stones could not be saponified, as mentioned
by Poulletier, and he named it ”Cholesterine” from “Chole” = bile and “stereos” = solid) and later in
1824, along with Gmelin, identified cholesterol in human and bovine bile [84,94]. Chevruels’s observations made it clear that cholesterol could not be saponified, and therefore cannot be considered under the
category of waxes. Today, we know that cholesterol contributes to three-quarters of the composition of
gall stones, with the remaining weight contributed by calcium [82]. Interestingly, the current source of
isolation of cholesterol for commercial purposes is from saponification of lanolin extracted from sheep’s
wool (see Fig. 1(a)). Ever since Chevruel’s naming of cholesterol, the quest to understand this molecule
and its role in health and diseases continues till date demonstrated by over 12,000 published papers
with the key word “cholesterol” since 2016 (see Fig. 1(b)). The history of cholesterol research spanning
over 20 decades is an enigmatic account in itself, whose detailed narration is beyond the scope of this
review. However, the fact that this molecule has ignited numerous brilliant minds and has provided a
wealth of information to basic and applied research is exemplified by the string of Nobel prizes awarded
to the researchers actively involved in this field (Fig. 2 lists a chronological timeline of these landmark
discoveries which were recognized by Nobel prizes) [17].
O.P.H. Diels ignited a volley of interest into the determination of cholesterol molecular structure
around 1902, by identifying dicarboxylic acid as the end-product from reaction of cholesterol with
NaOBr; and cholestenone derived from catalytic dehydration of cholesterol. He was later awarded the
Nobel prize in 1950 for his work on diene synthesis by which unsaturated cyclic compounds could be
produced. The leads from his research were robustly followed up by H.O. Wieland and A.O.R. Windaus
in Germany, who received the Nobel Prize in Chemistry in 1928 for providing the first molecular structure of cholesterol. In 1933 however, Bernal, Rosenheim, Wieland and Windau published an alternate,
correct structure, replacing the 1928 structure.
In mid 1920s, L. Ruzicka and his colleagues working in Switzerland on terpenes (extracted from
perfumes) realized that “isoprene” is the common building block of cholesterol and the terpenes. This
allowed L. Ruzicka to manipulate cholesterol structure toward the synthesis of male sex hormones, androsterone and testosterone. He was awarded the Nobel prize in 1939 for his work on polymethylenes
and higher terpenes. R. Robinson working in Oxford University, embarked on the complete synthesis of
cholesterol from 1939 onwards with his Australian student J.W. Cornforth and his wife Rita Cornforth.
R. Robinson was awarded the Nobel Prize for his investigations on plant products of biological importance, especially the alkaloids which include chemicals like morphine, papaverine and narcotine in 1947.
J.W. Cornforth worked on cholesterol synthesis project through his Ph.D. and finally established the full
synthetic pathway in 1951. At about the same time, R.B. Woodward, working in Harvard University
with his postdoctoral students, many of whom were funded from drug industries such as Merck and
Monsanto, pioneered the stereo-chemical synthesis of cholesterol [82]. He was awarded the Nobel Prize
in Chemistry in 1965 for his contribution to the organic synthesis of a large number of compounds including quinine, cholesterol, cortisone, strychnine, lysergic acid, reserpine, chlorophyll, cephalosporin,
and colchicine.
After the establishment of cholesterol chemical synthesis, came the era of investigations into the
bio-synthesis of the molecule. K. Bloch and F. Lynen were awarded the Nobel Prize in Physiology
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Fig. 2. Cholesterol research and Nobel Prizes, an affair to last. The time line shows the chronological order of Nobel prizes
conferred to researchers who have been involved in cholesterol research at some point in their life. The material for the timeline
has been obtained from references [17,82,113] and from the Nobel lectures in www.nobelprize.org, see Section 1 in text for
details.

or Medicine in 1964 for their landmark studies of the cholesterol biosynthetic pathway, a complex sequence involving at least 30 steps. This was followed by D.H.R. Barton and O. Hassel establishing the
“all chair” conformation of cholesterol and were awarded the Nobel Prize in Chemistry in 1969. J.W.
Comforth, who had earlier synthesized cholesterol in R. Robinson’s laboratory, later collaborated with
G. Popjak to establish the orientation of all of the hydrogen atoms in the cholesterol molecule, and received the Nobel Prize in Chemistry in 1975. M.S. Brown and J.L. Golstein working in University of
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Texas on familial hypercholesterolemia patients discovered the receptor for low-density lipoprotein, or
LDL, which carries cholesterol in blood. They were awarded the Nobel Prize in 1985 for their discoveries concerning the regulation of cholesterol metabolism. This “midas touch” of cholesterol continues
with the very recent Nobel prize for studies on G protein-coupled receptors (GPCRs). The X-ray crystal structure of β-2-adrenergic receptor (the first purified and characterized GPCR that stimulates via
adenylate cyclase) that provided a wealth of information into the molecular architecture of GPCRs in
general, was co-crystallized “cholesterol” [28].
Since the 1970’s there has been interest in developing and applying modern spectroscopic methods as
a means to study the structure and function of biological membranes [178]. Fluorescence techniques in
particular, provide a variety of unique advantages such as (i) high sensitivity of detection resulting in low
concentrations of reporter molecules, minimizing the impact of the probe on the behavior of the system,
(ii) the significant response of a number of fluorescence parameters (such as intensity, anisotropy, lifetime) to the physical and chemical changes of local environment, (iii) overlap of the intrinsic time scale
of the fluorescence (∼ nanoseconds) with the time scale of many chemical and biochemical processes,
(iv) the possibility of multi-parameter analysis arising from ratio-metric dual-band fluorophores [78].
The ultra-high sensitivity, the high speed of response, and the high spatial resolution expands the usage
of the fluorescent probes as tracers for localization of biological structures by fluorescence microscopy,
for quantitation of analytes by fluorescence immunoassay, for flow cytometric analysis of cells, for measurement of physiological state of cells and among other applications [26,51,158]. The founding of
Molecular Probes in 1975 by Richard Paul and Rosaria Haugland made lipid probes accessible to a large
cohort membrane researchers across the globe and propelled the advancement of cholesterol research
with the ready availability of fluorescently labelled cholesterol.

2. Fluorescent probes used in cholesterol research
2.1. Naturally occuring fluorescent sterols
The earliest fluorescent probes in cholesterol research were the two naturally occuring forms of cholesterol, dehydroergosterol (DHE) and cholestatrienol (CTL) [99,102,154,171]. The fluorescence properties of these sterols (in the near UV-region of the spectrum) stem from the three conjugated double
bonds in their steroid ring [99]. DHE is closer in structure to ergosterol, a sterol found in cell membranes of fungi and protozoa, compared to CTL which has more similarity to cholesterol. Both these
sterols have been used as cholesterol mimetics in membrane studies from as early as 1975 [5,136] to
present [63,108]. Figure 3 shows a brief time line embodying the early synthesis of DHE and CTL, use
in membrane biology, and their chemical structure.
DHE was first chemically synthesized in 1929 [40] by Adolf Winduas (first Nobel prize winner in
cholesterol research) and his group, although its discovery from natural sources such as Red Sea sponge
Biemna fortis [36], yeast species like Candida tropicalis [149] and Saccharomyces cerevisiae [6] was as
late as 1980’s. Despite its long pedigree, the complete chemical structure of DHE was not confirmed until
1985 [40], although it was being used in model membrane studies from 1975 onwards [136]. Earliest use
of DHE as a fluorescent probe relied on its synthesis from ergosterol [10,40,136]. The first commercially
available form of DHE was produced by Frann Scientific Inc. (Columbia, MO) [29] before it became
available from other companies like Steraloids, Wilmington, NH; Aldrich Chemical Co., Milwaukee,
WI; Fluka Chemie, Steinheim, Switzerland; Sigma Chemical, St Louis, MO [103].
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Fig. 3. Dehydroergosterol (DHE) and cholestatrienol (CTL), naturally occurring fluorescent sterols. A brief timeline tracing the
chronology of the chemical synthesis of (a) DHE and (b) CTL and their application in membrane research is shown. Chemical
structures and the commercial availability of both the cholesterol analogs are also provided. See Section 2.1 for details on the
timeline.

The credit for the first chemical synthesis of CTL also goes to Adolf Winduas [168]. Figure 3(b) gives
a brief account of the history of early synthesis of CTL, its use in membrane research and its chemical structure. The yield of CTL was greatly improved by modification of the original synthesis protocol in 1950s [4,137]. It’s use as a fluorescent probe in membrane biology started from 1970s onwards
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[136,141,152]. However, the use of CTL as a fluorescent probe is restricted by the lack of commercial
availability. Currently, methods have been developed to synthesize it from DHE [136] but CTL is not
widely available. Use of DHE [18,30,33,41,109,120,127,133,177] and CTL [30,109,127,141,177] in
membrane research has been extensively reviewed in the last few years [99,102,154,171]. Their use in
clinical research is discussed later in the review (see Section 2.3).
2.2. Acyl chain modified fluorescent cholesterol
2.2.1. NBD-cholesterol and dansyl-cholesterol
Solvatochromic fluorophores such as 7-Nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) and 1-dimethylaminonaphthalene-5-sulphonic acid (Dansyl) exhibit distinct spectral shifts and alterations in fluorescence
lifetime in response to changes in the polarity of the local environment. Ghosh and Whitehouse were
the first to report the synthesis of NBD chloride in 1968 [47] and from 1970’s onwards it was a popular
choice among other fluorescent probes for labelling lipids [23]. The NBD-group has been linked to two
main positions on the cholesterol backbone: (i) in one case, NBD group is esterified to the hydroxyl
group of cholesterol [1,135,145] and (ii) in the other, NBD group is covalently attached to the branched
alkyl chain of cholesterol [24,25,67]. The hydroxyl head group of cholesterol acts as both hydrogen bond
donor and acceptor in interaction with cholesterol molecules, other lipid (especially, sphingolipids) and
interfacial water molecules [2,122]. The fluorescent probes where the NBD-group is esterified to the
hydroxyl group of cholesterol are not good representatives of cholesterol in membranes both in terms of
structural orientation and functional properties, because of the loss of the hydrogen bonding property.
There are two main classes of acyl modified fluorescent NBD-cholesterol, (i) 22-NBD-cholesterol
and (ii) 25-NBD-cholesterol. 25-NBD cholesterol has a more intact alkyl chain compared to 22-NBD
cholesterol, the seven-membered alkyl chain is truncated at the 17β-position in the latter. A concern with
truncated chain length stems from the importance of a critical length of alkyl chain in cholesterol orientation obtained from detailed biophysical studies [105,115,139]. Both acyl forms of NBD-cholesterol
probes have been extensively used in model and cell membrane studies for probing membrane physical
properties and lipid-protein interaction. Their spectroscopic properties and applications in membrane
research has been extensively reviewed earlier [26,52,70,102,171]. Figure 4(a) and (c) show the chemical structures of 22- and 25-NBD cholesterol. Some of the clinical applications of NBD-cholesterol are
discussed later in the review (see Section 2.3).
Dansyl-Chloride was synthesized earlier than NBD-Chloride by one of the greatest fluorescent spectroscopist of the century, Prof. Gregario Weber, in 1952 [163]. This fluorophore was originally synthesized for protein labeling and it’s usage evolved over time and in 2003 (50 years after its initial
synthesis) it was covalently linked to the sixth carbon atom of the steroid backbone of cholesterol (Dchol) by Gimpl’s group [167]. A great advantage of D-Chol, like NBD-Cholesterol, is the very low
quantum yield (<0.1) of dansyl-derivatives in water, which rules out any contribution from membrane
unbound fractions in fluorescence readouts [27,69]. Although, both NBD and dansyl groups are polarity
sensitive, dansyl has a much larger Stokes shift (i.e. response to change in polarity in the local environment) compared to NBD-group [61,148,163]. D-Chol shares many properties with the acyl-labelled
NBD-cholesterol derivatives including, relatively easy uptake by cultured cells from medium. In addition, it preferentially localizes in the plasma-membrane [61]. This has led to its application in monitoring
plasma membrane-derived cholesterol transport involving the Niemann–Pick C1 (NPC1) protein [167]
and the cell penetrating peptide Pep-1 in cos-7 cells [128].
Figure 4(a)–(c) traces a brief chronicle embodying the discovery of the polarity-sensitive probes, synthesis of the cholesterol-derivatives and their availability to users.
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Fig. 4. Polarity sensitive fluorescent probes of cholesterol. NBD and Dansyl groups are solvatochromic fluorophores, whose
fluorescence read-outs (such as emission maxima, lifetime, anisotropy) are sensitive to change in the polarity of the local environment. A brief timeline tracing the chemical synthesis of the probes NBD-Cl and Dansyl-Cl, followed by their conjugation to
form (a) 25-NBD-cholesterol, (b) Dansyl-cholesterol and (c) 22-NBD-cholesterol and use in membrane research is provided.
In addition, the chemical structures of these three analogs and information on their commercial availability is also shown.
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2.2.2. BODIPY-cholesterol
Boron-containing diazaindacene fluorophores constitute a class of very bright and photostable probes
with very low environmental sensitivity (relative to NBD and Dansyl probes) used in membrane research. The first fluorophore of this class was synthesized by Treibs and Kreuzer in 1968 [159]. Other
derivatives of the fluorophore were synthesized later by Vos de Wael et al. in 1977 [35] and Worries
et al. in 1985 [170]. However, their research did not provide methods where the fluorophores could be
chemically reacted with ligands. This vacuum was filled by the synthesis of various reactive form of the
fluorophore, dipyrrometheneboron difluoride (under the trade name BODIPY), by Haugland and Kang
from Molecular Probes in 1988 [56]. The probe was conjugated to many fatty acids and proteins [68]
and it was in 2006 that a BODIPY-cholesterol analog joined the league [83]. The BODIPY fluorophore
conjugated at carbon 24 of the cholesterol sterol ring (see Fig. 5) is the most functional reporter among a
series of other conjugated forms synthesized by Bittman and co-workers [96] owing to the importance of
longer alkyl chain length [105,115,139]. This was followed by the commercial availability of BODIPYconjugated cholesterol under the trade name TopFluor-cholesterol (Avanti Polar Lipids) from 2009 onwards (personal communication with Dr. Stephen Burgess, Avanti Polar Lipids). BODIPY-cholesterol
offers superior photo-physical properties such as a high molar extinction coefficient (∼80,000 compared
to ∼11,000 for DHE and CTL; ∼20,000–25,000 for NBD-cholesterol) and quantum yield (0.9 compared to <0.4 for other fluorescent analogs of cholesterol) [99,171]. The biophysical properties of this
bright fluorescent analog of cholesterol has been explored in detail elsewhere [144,145,155] and it has
been used in many trafficking studies in living cells [96,173]. The applications of BODIPY-cholesterol
has been covered in detail in earlier reviews [99,102,154,171]. The clinical applications of BODIPYcholesterol are discussed later in the review (see Section 2.3).
2.2.3. Alkyne cholesterol
Classic click reactions comprise a copper-catalyzed Huisgen azide–alkyne cycloaddition to form a
substituted 1,2,3-triazole ring to label and detect molecules of interest in cells or tissues [46,72]. Recently, such clickable probes of cholesterol, alkyne cholesterol, were developed in Ned Porter’s laboratory in 2013 [169]; Lars Kuerschner’s group in 2014 [58] and Dai and Cheng’s laboratory in 2015
[80]. The difference between these three alkyne cholesterol analogs lies in the length of the alkyl chain,
the one developed in Lars Kuerschner’s group preserves the native alkyl chain length. The longer alkyl
chain alkyne cholesterol analogs [58,169] mimic native sterols in cellular studies with respect to both
distribution and susceptibility to enzymatic reaction [58,169]. Alkyne cholesterol with the alkyl chain
length introduced by Lars Kuerschner’s group became commercially available from Avanti Polar Lipids
from 2015 onwards (personal communication with Dr. Stephen Burgess, Avanti Polar Lipids). Figure 6
gives the chemical structure of the commercially available form of alkyne cholesterol. A spectrum of
azide-linked fluorescent probes are commercially available (Thermofisher Scientific, Jena Biosciences),
which can be clicked to alkyne cholesterol (proprietary synthesis from Avanti Polar Lipids, see Fig. 6 for
details). The applications of this sterol analog has been covered in details in recent reviews [118,154].
The limitation with this technique is its non-applicability to living cells owing to the harmful effect of
Cu (I) and Cu (II), produced in presence of TCEP, on living cells.
2.3. Toxins and polyene macrolide antibiotic binding to cholesterol: Perfringolysin O and filipin
Another class of molecules that has been used to probe cholesterol include the protein (toxin) Perfringolysin O (also known as θ -toxin) and the fluorescent polyene macrolide antibiotic filipin. Figure 7
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Fig. 5. BODIPY-Cholesterol, a bright and photostable fluorescent probe of cholesterol. BODIPY falls under the class of boron–
containing diazaindacene fluorophores, which are bright and photostable probes with very low environmental sensitivity (relative to NBD and Dansyl probes) used in membrane research. The figure shows the chemical structure of the most promising and
functional variant of BODIPY-cholesterol (see Section 2.2.2 for details). A chronological timeline of the chemical synthesis of
the fluorescent probe, BODIPY and its attachment to cholesterol is given. BODIPY-cholesterol became commercially available
from Avanti Polar Lipids under the name “Top-Fluor” cholesterol from 2009 onwards.

maps the evolution of these molecules from their discovery to their present application as cholesterol
bio-sensors.
Perfringolysin O, produced by Clostridium perfringens, belongs to a large family of cholesterolbinding/dependent cytolysins which also include other members such as streptolysin O produced by
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Fig. 6. Clickable analog of cholesterol, alkyne cholesterol. Click chemistry, especially the Cu(I)-catalyzed azide–alkyne cycloaddition, has provided membrane researchers with a palate of fluorophores, with different photo-physical properties, to label
their biomolecule of interest. Three different forms of alkyne cholesterol (differing in the alkyl chain length) were synthesized
between 2013 and 2015, and listed as a chronological timeline. The figure shows the chemical structure of the commercially
available form of alkyne cholesterol introduced by Avanti Polar Lipids from 2015 onwards. The figure also provides a list
of commercially available fluorophores (having different spectral and photo-physical properties), available from Thermofisher
Scientific and Jena Biosciences, which can be clicked to alkyne cholesterol.
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Fig. 7. Naturally occurring cytolysin (Perfringolysin O, PFO) and polyene macrolide antibiotic (filipin) binding to cholesterol.
Perfringolysin O (a) and filipin (b) are the two naturally occurring biomolecules capable of binding cholesterol. PFO is produced
by the pathogenic bacteria Clostridium perfringens, which is a leading cause of food poising [22]. Filipin is produced from
Streptomyces filipinensis (originally isolated from soils of Philippines). The figure gives a chronological timeline describing
their discovery and characterization of their mode of action. PFO was bio-engineered to reduce its cytotoxicity and cater to
live-cell imaging as a cholesterol bio-sensor. Filipin staining remains a popular choice for labeling un-esterified cholesterol in
fixed samples.
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Streptococcus pyogenes and alveolysin by Bacillus alvei [77]. The toxin was first discovered by Herter
around 1906 and was later described in detail in 1923 by Wuth [3]. By 1980’s, θ -toxin was shown to
have a cholesterol dependent mode of action by studies on erythrocytes [106,160].
θ -toxin oligomerizes in the presence of cholesterol on cell membranes leading to pore formation
and cell lysis. To decrease its cytotoxicity and extend its application to live-cell imaging, the toxin was
bioengineered to produce non-cytolysing derivatives which could be fluorescently labelled, namely: (i) a
biotinylated derivative BCθ [66], (ii) the D4 domain, which is the smallest functional unit comprising
the cholesterol binding domain of θ -toxin [147] and (iii) a plasmid-based biosensor of cholesterol called
D4H [93]. Fluorescently labelled avidin has been used to probe plasma-membrane cholesterol bound
by BCθ [114,119]. Recombinant D4-fusion protein tagged with EGFP [65,147], mCherry [21,91] and
Dronpa [107] have been utilized to visualize cholesterol in live cells. The recently introduced plasmidbased biosensor of cholesterol expresses cytosolic mCherry-tagged D4 with a mutation (D434S) that
increases its affinity toward cholesterol. This was shown to bind to cholesterol in the cytoplasmic leaflet,
relative to the other two variants (BCθ and D4) which don’t penetrate the cell and only bind the outer
leaflet cholesterol of plasma membrane [90,98,114].
Filipin, a polyene antibiotic that forms a fluorescent complex with cholesterol, is commonly used to
visualize the cellular distribution of free cholesterol [48,49]. Filipin was first isolated in 1955 from the
mycelium and culture filtrates of actinomycete, Streptomyces jilipinensis, found in soil samples from
Philipines [166]. Filipin is an antibiotic with antifungal properties and is a mixture of four macrolides
with minor differences in their structure, the fraction known as filipin III being the major (∼53%) component [50]. Early observation made by Gotleib et al. in 1958 [60] showed that polyenes have no effect
on bacteria and blue-green algae (both of which are sterol-free) and the addition of sterol to the medium
protects fungi, higher algae, flatworms, and snails from the harmful action of the polyene antibiotics
[164]. Direct evidence for sterol requirement for filipin toxicity was obtained using mycoplasma Acholeplasma laidlawii by Weber and Kinsky in 1965 [116]. Filipin was shown to forms tight, specific
complex with sterols having a planar steroid nucleus, an unesterified 3β-hydroxyl group, and an apolar
side chain at C-17 position [34,117,121], although the exact molecular mechanisms are not defined.
Filipin has been a popular fluorescent probe for monitoring the distribution of free non-esterified
cholesterol from 1970’s onwards after Shroeder et al. [140] and Bittman and Fischkoff [12,13] showed
that excitation and emission spectrum of filipin shows an increase in intensity but not in wavelength upon
sterol binding. Despite its popularity as a cholesterol probe, it suffers from some limitations. Filipin is
a UV-excitable dye and can be photo-bleached, making it difficult to obtain high-quality images [26,92,
171]. In addition, it can be used only for fixed samples precluding it from live-cell imaging application. In
addition in 2011, it was found that filipin was also labeling the GM1 ganglioside along with cholesterol
[7]. Application of filipin in clinical research will be discussed later (see Section 2.3).

3. Application of fluorescent probes of cholesterol in clinical research
Research spanning over several decades have provided a wealth of information on the role of cholesterol in health and diseases. Molecular details of cholesterol-dependent mode of action of many important proteins (such as GPCRs and ion-channels) have been uncovered by an integration of biochemistry,
biophysics and computational work and has been extensively covered in recent reviews [48,142]. However in this review, we largely confine the application of fluorescent analogs of cholesterol in clinical
research, taking atherosclerosis, Niemann–Pick C and Alzheimer’s disease as representative examples
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Fig. 8. Application of fluorescent probes of cholesterol in disease research. Cholesterol is a major lipid in eukaryotic membranes
and has been associated with a plethora of diseases. The figure gives a summary of the fluorescent probes that have been used
for research and diagnosis of the three representative diseases (atherosclerosis, Alzheimer’s and Niemann–Pick C disease)
discussed in the review.

(see Fig. 8 for a summary of the different fluorescent analogs of cholesterol applied for research and
diagnosis of the three diseases).
3.1. Athersoclerosis
Early lines of evidence linking hypercholesterolemia in humans to the progression of atherosclerosis and the risk of coronary heart disease have been reviewed robustly by others [156]. By the 1970’s,
accumulated evidences motivated the search for interventions toward lowering blood cholesterol levels
as a combinatorial therapy for atherosclerosis [157]. By the early 1980’s, the lipoprotein fractions LDL
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and HDL were known to be involved in the transport and metabolism of cholesterol, however, the precise structure of these particles and the mechanism by which they transport cholesterol between tissues
remained unclear [75]. A direct consequence of this realization were the efforts launched toward the
feeding of various animal models with fluorescent cholesterol and the histochemical analysis of tissues
extracted from atherosclerotic lesions in these animal models [39,104,174].
Filipin has been a popular choice of probe from 1980’s onwards till date for histochemical detection
and differentiation of free unesterified cholesterol. Filipin has been used for staining atherosclerotic
lesions in experimentally induced rabbit and swine animal models [73,75]; hyperglycemic mouse model
[15,165]; association of cholesterol accumulation with calcification in human atherosclerotic lesions
[14,57]; and detection of cholesterol accumulation in lysosomes of macrophages in CD38−/− mice model
[176]. In addition to filipin, CTL has also been fed to animal model of atherosclerosis to explore the
thermotropic behavior of the sterol loaded LDL and HDL [9].
Over the years the understanding of cholesterol trafficking and homeostatis, orchestrated through
action of various lipoproteins, has been a key focus to combat the development and progression of
atherosclerosis [87]. Removal of excess cholesterol from peripheral tissues (cholesterol efflux) by HDL
and delivery to the liver and steroidogenic tissues is an important pathway to remove excess cholesterol
from circulating in blood and arrest the development of atherosclerosis [38]. NBD-cholesterol has been
utilized to monitor the uptake of cholesterol [44,85] and its oxidized products [42] by HDL; and in
assays for screening inhibitors for enzymes (ACAT-1 and ACAT-2) that performs intracellular cholesterol esterification, a process that is involved in development of atherosclerosis [79]. DHE and alkyne
analog of cholesterol have been used to monitor the transfer of cholesterol via HDL [44,179]. In addition, using DHE it was shown that loading of free cholesterol does not trigger phase separation of the
fluorescent sterol in the plasma membrane of macrophages [172]. BODIPY-cholesterol has also proven
to be a probe of choice in assays measuring cholesterol efflux [97,138,146], screening inhibitors of enzymes (cholesteryl ester transfer protein) that catalyzes the exchange of cholesteryl ester and triglyceride
between HDL and apo B containing lipoprotein particles [20].
Another important medical intervention to prevent atherosclerosis is lowering uptake and absorption of
cholesterol from intestinal walls and keeping it in the intestinal lumen for excretion. Niemann–Pick C1like 1 (NPC1L1) is a protein that highly expresses on the surface of the absorptive jejunal enterocytes and
is responsible cholesterol uptake and absorption from intestine and is the drug target of ezetimibe [32].
A combination of CTL and DHE was used to understanding the effect of plasma-membranes cholesterol
content on trafficking kinetics of NPC1L1, responsible for uptake and absorption of cholesterol from
small intestine, between plasma membrane and recycling endosomes in hepatoma cells [127]. In a related
study to explore the effect of dietary cholesterol on trafficking of intestinal NPC1L1 from the brush
border to endosomes, uptake of NBD-cholesterol into explants from porcine jejunum was monitored
[151].
3.2. Niemann–Pick C disease
Niemann–Pick type C (NPC) is a rare (∼1:150,000), pan-ethnic, globally occurring, inherited progressive neurodegenerative disorder characterized by an intracellular accumulation of cholesterol and
other lipids like glycosphingolipids, sphingomyelin and sphingosine in the lysosomes and late endosomes [37,76]. Alan Crocker and Sydney Farber ∼1958 defined Niemann–Pick disease (the first case
study of this disease was on Niemann–Pick family) based on an overview of tissue pathology; however,
it was not until 1966 that the first molecular understanding of the disease came from Roscoe Brady’s
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discovery of acid sphingomyelinase deficiency (later classified as Niemann–Pick types A and B) in these
patients [16,123]. This was followed by the classic observation of massive accumulation of unesterified
cholesterol in a BALB/C mice suffering from a lipid storage disease in response to increased dietary
intake, relative to normal mice showing expected conversion of dietary cholesterol to cholesteryl esters
by Peter Pentchev [125], a senior scientist working in Roscoe Brady’s laboratory [76]. The connection
of the findings from the diseased mice studies were linked to human patients through the similarities in
the cellular defect in cholesterol processing observed in the cultured fibroblasts from diseased mice and
human patients [74,126].
Filipin has been one of the earliest fluorescent probe to be used in investigations of cholesterol accumulation in lysosomes and around the Golgi region in mutant Type C Niemann–Pick fibroblasts derived
from superficial skin biopsies of patients [143,153,162]. The decade of 1990’s saw the identification
of homozygous mutations in either the NPC1 gene (responsible for ∼95% of the identified cases) or
the NPC2 as being the causative reason for NPC disease [161]. This was followed by research into exploring the role of the two NPC proteins, NPC1 a complex transmembrane protein with 13 predicted
membrane spanning helices; and NPC2, a small soluble protein in cholesterol trafficking [161]. NPC1
mediates the trafficking of free cholesterol, released from LDL-bound cholesterol esters by lysosomal
acid lipase, to other cellular compartments, including the plasma membrane and ER [124]. In an interesting study, filipin staining of locally accumulated cholesterol in lysosomes was correlated to a total
increase of cholesterol measured by thin layer chromatography in NPC fibroblasts [55]. Filipin staining
was used to quantify the cholesterol deposition in studies exploring the role of overexpression of the recycling/exocytic Rab GTPase Rab8 in rescuing the deposition of cholesterol the late endosomal in NPC
fibroblasts and exploring the role of point mutations on NPC2 surface on sterol binding ability [86,101].
DHE has been used as a probe of choice in many studies exploring the structure-function relationship of NPC proteins in cholesterol trafficking. Cholesterol was shown to binding with sub-micromolar
affinity to human NPC2 [43] and in 1:1 stoichiometry [88] using DHE as a fluorescent analog. Another
interesting study using model membranes explored the cholesterol binding affinity and inter-membrane
sterol transfer rates of wild type and mutant NPC2 protein using DHE fluorescence [101]. Kinetics of
trafficking of sterols from plasma-membrane was explored in NPC cells using DHE and shown to accumulate in lysosomes as seen for LDL-derived sterol pool [129]. In another biophysical study, DHE was
used as cholesterol mimetic to understand cholesterol transport in the presence of cyclodextrins, which
belong to a group of cyclic oligosaccharides that bind to cholesterol and are routinely used for loading and depleting cholesterol from membranes [100]. Another interesting study using NBD-cholesterol
in NPC fibroblasts showed that inhibition of cAMP reduced the load of cholesterol accumulation in
these cells [95]. Cholesterol efflux in other models of NPC, such as NPC1-deficient CHO cells (M12
cells) [59] and human embryonic stem cells with NPC1 knockdown (KD) [130], were monitored using
the bright and photostable analog of cholesterol, BODIPY-cholesterol. Dansyl-cholesterol has also been
shown to be a good mimic in monitoring the trafficking of cholesterol in human NPC fibroblasts and
other NPC-like cells [167].
3.3. Alzheimer’s disease (AD)
AD is a neurodegenerative disorder characterized by progressive and irreversible memory impairments, associated with cognitive decline and is a major cause of dementia and memory loss in the elderly
population globally [45,53]. Increasing evidence in the last two decades have indicated neuronal cholesterol homeostasis to be an important factor in the pathogenesis of AD. These studies have demonstrated
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that cholesterol is increased in the frontal gyrus of AD patients and there is a progressive increase in
cholesterol levels throughout the course of manifestation of the clinical disease [31,175]. A recent study
showed that cholesterol efflux was altered in mild AD patients compared to the healthy subjects [19].
In view of the intricate role of cholesterol in the progression of AD, fluorescent probes of cholesterol
have been used in exploring various tenets of the interplay of cholesterol with different biomolecular players. An example of this is a study where filipin staining of AD brains showed accumulation
of cholesterol in congophilic/birefringent dense cores of senile plaques with respect to normal brains
[111]. Additionally, the study showed a similar pattern of abnormal cholesterol accumulation in mature,
congophilic amyloid plaques at 24 months of age in transgenic mice that overexpress the “Swedish”
amyloid precursor protein (Tg APPsw, line 2576) [110]. Aggregation of the amyloid-beta (Aβ) peptide
is a disease hallmark underlying the neuronal damage in AD. Membrane lipids, especially cholesterol
has been implicated in influencing the biogenesis of Aβ from its precursor protein [8]. A number of
biophysical studies have explored the interaction of Aβ peptide with cholesterol, utilizing fluorescent
cholesterol mimetics in model membrane studies such as NBD-cholesterol [132] and DHE [141]. An
interesting lead from a study on transcriptional activity of sterol carrier protein SCP-x/Pro-SCP-2 was
that it regulates the generation of γ -secretase [132], the transmembrane protease that cleaves amyloid-β
precursor protein (APP) to Aβ peptide [8]. It was shown earlier that squalene and sterol carrier protein can bind to CTL [71], paving the prospect that more insights can be drawn on the biophysics of
cholesterol binding and trafficking induced by sterol carrier protein SCP-x/Pro-SCP-2 in AD models.
Differential enrichment of cholesterol in Golgi complex relative to the plasma membrane was shown
using NBD-Cholesterol in a study exploring the effect of freshly prepared Aβ1-42 on cholesterol trafficking [64]. In addition, NBD-cholesterol was used in cholesterol assays involving ACAT activity in
a screen for small molecules against intracellular Aβ oligomers (AβO) toxicity [131]. Screening for
inhibitors against the proteases that cleave APP into Aβ peptide is a promising alley of therapeutic intervention, and BODIPY-cholesterol has been used to explore the partitioning of one such inhibitor in
lipid rafts [134].
4. Conclusion and future perspectives
Michel Chevreul was born in 1786 in Angers (France) and died as a centenarian at the age of 103
[81]. Chevruel was one of the pioneers in the study of various greasy material such as oils, butters, fat
etc. In addition to naming cholesterol, Chevruel richly contributed to coining names of fats obtained
from other sources such as “butyric” (for fatty acid obtained from butter) [81]. The legacy of Micheal
Chevruel’s discovery of “cholesterol” as a non-saponifiable lipid from gall stones has ignited the imagination and research of many noble minds for over twenty decades now. In this review, we attempt to give
a chronological account of some of the important developments which shaped the course of cholesterol
research. We have focused on applications and research and advances in fluorescent analogs of cholesterol in exploring the missing links tagging cholesterol to various diseases. Fluorescence techniques
have evolved over time to be more powerful in gleaning information from live-cells. With the advent of
super-resolution microscopy techniques such as photoactivatable localization microscopy (PALM), direct stochastic optical reconstruction microscopy (dSTORM), and DNA-point accumulation for imaging
in nanoscale topograph (PAINT), it has been possible to resolve sub-micron scale molecular interactions
with precise molecule location co-ordinates. These insights could be used to quantitatively evaluate
lipid-protein interaction through the determination of useful parameters such as density of bound conjugates, cluster size, and number of molecules per cluster [54]. Super-resolution imaging of interacting
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partners of cholesterol becomes relevant in the context of the identification of around 250 cholesterolbinding proteins (including receptors, ion-channels and enzymes) in a proteome-wide screen mapping
the cholesterol-interacting proteins in mammalian cells [62].
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