
Abstract
!

Phenotypic and target-based approaches repre-
sent two principal strategies for identifying new
bioactive compounds. In this review, differences
between these approaches, as well as strengths
and limitations thereof, are described by exam-
ples from the therapeutic area of Alzheimerʼs dis-
ease. Some of the central mechanisms of the dis-
ease that today are targets of screening campaigns
are described. These mechanisms include acetyl-
cholinesterase inhibition, amyloid-based ap-
proaches, and oxidative stress. Examples of assays
using natural products, either as isolated pure
compounds, unpurified or partially purified ex-
tracts, are given for each mechanism. Further, the
article presents and discusses the pros and cons of
both target-based and phenotypic approaches for
the chosen mechanisms. In most cases, a thor-
oughly biology-driven selection of the used as-
says can be recommended, especially when tak-
ing into account the complexity of the disease in
question. However, target-based assays also have
their justification as long as there is an awareness
of what the assay read-out stands for. A clear rec-
ommendation is thus for every researcher to crit-
ically consider the aim of their bioactivity screen-
ing efforts and to adopt the screening strategies
most appropriate for the goals set.

Abbreviations
!

AchE: acetylcholinesterase
AD: Alzheimerʼs disease
APP: amyloid precursor protein
Aβ: amyloid beta
BACE1: β-secretase 1
BchE: butyrylcholinesterase
CHO: Chinese hamster ovary cells
CNS: central nervous system
DCFH‑DA: dichloro-dihydro-fluorescein

diacetate
DMPD: N,N-dimethyl-p-phenylenediamine
DPPH: 2,2-diphenyl-1-picrylhydrazyl
DTNB: 5,5′-dithiobis(2-nitrobezoic acid)
FDA: Food and Drug Administration
FRET: fluorescence resonance energy

transfer
GPCR: G-protein coupled receptor
HTS: high throughput screening
iNOS: inducible nitric oxide synthase
LPS: lipopolysaccharide
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-di-

phenyltetrazoliumbromide
NME: new molecular entity
NO: nitric oxide
NP: natural product
NSAID: nonsteroidal anti-inflammatory drug
ORAC: oxygen radical absorption capacity
ROS: reactive oxygen species
SO: superoxide anion
tBTH: tertiary butyl hydroperoxide
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Introduction
!

Speaking in general terms, there are two major
reasons for why drugs fail in the clinic: either they
do not give the desired treatment effect or they
are not safe. For a positive clinical outcome, a drug
naturally needs to exert its biological action on a
target that is relevant and essential for the disease
lanta Med 2014; 80: 1200–1209
in question. A target, in turn, can commonly be
defined as being a biological entity that a com-
pound can modulate through a specific interac-
tion. Specificity and selectivity of interaction are
considered essential for both efficacy and safety.
Furthermore, a target needs to be ‘druggable’,
meaning that it should be accessible by a small
molecule (or larger biological) drug and that the
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binding of these two will result in a biological response that can
bemeasured and quantified both in vitro and in vivo. This ‘philos-
ophy’ is very much the basis of modern target-based drug discov-
ery.
The most common way of hit identification has been during the
last near 25 years through bioactivity-based screening which re-
lies on development of screening assays that specifically measure
target–compound interaction. In the next step, the assay is used
either in a high-throughput or other smaller screening format for
lead molecule identification. This target-driven approach has
growingly become challenged by what is called phenotypic
screening strategy. A phenotypic set-up could be described as de-
signing assays for some desired effect in a living system, indepen-
dent of any defined target. In other words, a phenotypic assay
does not aim to assess modification of one defined target protein,
and thus a specific target–compound interaction will not be de-
fault read-out from the screen. Thus the specific and selective in-
teractions, as well as demand for ‘druggability’ are not a prereq-
uisite here. To a large extent, this bears resemblance to the pre-
HTS era of drug discovery as it, similarly to the physiology-based
drug discovery, acknowledges the complexity and integrative na-
ture of biological processes.

Asking the relevant questions
A landmark article on the original discovery strategy behind reg-
istered NMEs by the FDA during the years from 1999 to 2008 has
in the last few years started a debate and self-introspectionwith-
in the pharmaceutical industry and its academic collaborators. In
this article, Swinney and Anthony [1] show that for the in total 45
small molecule first-in-class NMEs, 28 (62%) had their origin in a
phenotypic approach, whereas 17 (38%) were identified in a mo-
lecular-targeted drug discovery. The picture is different with the
so called ‘me-too’ drugs that are defined as molecules resembling
those already approved by the authorities. For these drugs, mo-
lecular-targeted discovery is more common.
These two principal approaches for compound screening, target-
based and phenotypic, differ in ‘what comes first’ [2]. Phenotypic
can be defined as ‘function first’ since it starts with the observa-
tion of an organism displaying a certain phenotype, for example,
in a disease state. Compounds are then screened to find those
that can alter the phenotype. The mechanism for how this is
achieved will be identified later – and sometimes very late (or
not at all!). The target-based approach, ‘gene first’, initiates with
identifying the gene that codes for a protein target. The screen
that follows will accordingly select for high-affinity binding com-
pounds. Sequential and more complex assays that follow are set
up in order to confirm the primary activity in tissues and orga-
nisms. These two strategies, target-based (also called reduction-
istic) and phenotypic drug discovery, promote assays of distinctly
different kind. The present review proposes that a screening as-
say could metaphorically be seen as a question, and that the two
approaches, reductionistic and phenotypic, can be considered to
ask their questions in different ways. A reductionistic inquiry is
capable of in good detail defining what it is looking for, whereas
the phenotypic one phrases it in away that leaves the answer op-
tions more open. Consequently, deciding on which sort of ques-
tion needs to be answered with each assay set-up is the first step
of the process.
Natural products
Looking at the origin of screened compounds over time, the ex-
plosion in the volume of HTS screens, technology development
and the parallel vast increase in combinatorial chemistry efforts
since the early 1990s has simultaneously led to the cessation of
NP research at almost all the major pharmaceutical companies.
Certainly the reasons for this are several, but a suggested major
one is the incompatibility of natural product mixtures with HTS
and other detection techniques [3]. On the other hand, when an-
alyzing the origin of the registered drug compounds over the pe-
riod of 1981–2010, Newman and Cragg [4] demonstrate that up
to 50% of these can be traced to a natural product, a semi-syn-
thetic derivative or a natural-product-inspired total synthesis ef-
fort. In another recent publication, Mishra and Tiwari [5] report
that there have been 19 approvals of natural-product-derived
drugs during the period of January 2005 to April 2010, indicating
that in spite of the dismissal of natural products in big pharma
screening efforts, natural products still continue to provide new
drugs today.
These findings might reflect the fact that natural products repre-
sent a broader chemical space than the synthetic libraries that
often are built around well-known target-classes such as GPCRs.
When the target disease mechanisms are more complex, or
maybe even unknown, the compounds that will be successful in
their treatment might need to emerge from outside the common,
small molecule–defined chemical space [6]. As this line of rea-
soning is growing in acceptance [7–9], it is likely to push natural
products that previously have proven successful modulators of
difficult targets once again towards being common constituents
in screening libraries.
An additional argument for natural product screening is the fact
that many of the diseases for which new drugs are needed have
multifactorial background. For treatment efficacy, modulation of
robust biochemical networks, rather than single target, is likely
to be needed [2]. This could be achieved either by hitting on mul-
tiple targets with compound mixtures (cocktails) or identifying
promiscuous compounds that simultaneously modulate several
targets (polypharmacology). Both these are approachable with
natural products and phenotypic screening.
The target-based and phenotypic assays that are reviewed in the
present article all have the goal to find compounds for treatment
of AD. This therapeutic area represents a field with successful
natural products research, namely inhibitors of AchE. However,
for themajority of the potential target mechanisms in AD, natural
products are still new and the research today is emerging. The
examples of assays presented here comprise target mechanisms
that at present are under investigation as possible disease treat-
ing options, and each assay category is introducedwith a brief bi-
ological background. All the examples given describe work that
has been done with natural products. The aim is not to present
an exhaustive survey of the assays used in NP screening but
rather to provide an overview of some of the more recent avail-
able assays, target-based and phenotypic, with their assets and
limitations. Furthermore the intention is to present basal facts
and considerations for choosing a suitable assay for different sit-
uations.
Vasänge M. Assay Suitability for… Planta Med 2014; 80: 1200–1209



Fig. 1 Schematic and largely simplified presenta-
tion of some of the mechanistic factors underlying
the pathogenesis of Alzheimerʼs disease [19]. Re-
produced with kind permission of Elsevier. (Color
figure available online only.)
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Alzheimerʼs Disease and Screening Assays
!

Alzheimerʼs disease is the most common dementia in the world
with estimated more than 20 million people every year develop-
ing the disease. Acknowledging the future increase in life expec-
tancy in most countries, the number of affected people is likely to
be growing rapidly [10]. Clinical manifestations of the disease are
believed to be the result of pathological processes that may have
been in progress for decades, and no clear causes or prognostic
factors have been identified until now [11]. The neuropathologi-
cal hallmarks of AD, amyloid aggregates containing the patholog-
ical Aβ protein and hyperphosphorylated tau have been known
and extensively studied for many years. The causality of these
proteins to the pathology of the disease is, however, still not fully
elucidated and in considerable part based on findings related to
the rare familial forms of the disease [12].
For the last few decades, there have been immense pre-clinical
and clinical efforts by the drug industry and academia to find
new agents for both symptomatic and disease-modifying treat-
ment of AD. Even though new pieces of knowledge on the disease
puzzle have been identified, the outcome of drug discovery proj-
ects has so far beenmostly disappointing. One of the challenges is
the need of large and costly clinical trials, which has led to in-
tense search for suitable biomarkers for disease progress. The
opinion that a single cure, or single target, for Alzheimer will not
likely be found is becoming more and more common [13,14].
Drug discovery within the AD field has for the last 20 years been
rather amyloidcentric [15]. Thus a large part of the screening ef-
forts within this field have focused on themolecular mechanisms
and proteins that are involved in the formation of Aβ from its pre-
cursor APP [16,17]. These amyloidcentric approaches have in big
part been based on the pathological mechanisms elucidated from
the familial form of AD. However, the late-onset Alzheimerʼs dis-
ease that accounts for over 95% of all cases, and usually manifests
itself after the sixth decade, has a more complex etiology and is
commonly recognized as a truly multifactorial disease (l" Fig. 1).
Therefore the focus on amyloid pathways has increasingly shifted
Vasänge M. Assay Suitability for… Planta Med 2014; 80: 1200–1209
to include also other mechanisms and targets for screening, in-
cluding ones connected to inflammation and oxidative stress
[18]. Another important mechanistic intervention approach is
targeting neurotransmitter dysfunction, with cholinesterase in-
hibitors as the main class of compounds [19].
Neurotransmittor Dysfunction: Acetylcholinesterase
and Butylcholinesterase Inhibition
!

A decline in cholinergic activity in brains of Alzheimer patients
and associated cognitive decline has been shown by numerous
studies (e.g., [20,21]), and several of the AD drugs on the market
are targeting this dysfunction. There have been some studies in-
dicating that AchE might have a more causative role in the dis-
ease [22], but the most common view is that inhibitors of this en-
zyme instead offer amodest symptomatic treatment effect. In ad-
dition, the therapeutic effect is usually restricted to mild and
early stages of the disease [23]. Interestingly, several of the inhib-
itors that are in clinical use today have natural origin (e.g., galant-
amine, rivastigmine, and huperzine A) [24].
As changes in both enzymatic activity and expression levels of
the enzyme BChE have been reported, its involvement in AD pa-
thology has also been proposed. In a recent review [25], Nord-
berg et al. conclude that different profiles in inhibiting the two
esterases (AChE and BChE) are demonstrated by the presently
prescribed drugs. Furthermore, it is proposed that the role of
BChE in cholinergic dysfunction may become more pronounced
as the disease progresses and that more insight into this area will
be needed for elucidation of the role of dual inhibitors.

Target-based assays: acetylcholinesterase and
butyrylcholinesterase inhibition
The most common assay set-ups for screening and ranking NP
AchE inhibitors are based on the method by Ellman et al. [26].
This biochemical assay is built on the conversion of the substrate
for AchE, acetylthiocholine iodine, followed by the reaction of its



Table 1 Screening for acetylcholinesterase inhibitors, a few recent examples.

Author, reference Method Special feature Screened material

Orhan et al. [33] Modified Ellman, plate format Both AchE and BChE MeOH-Chloroform extracts

Andersen et al. [34] Modified Ellman, reaction velocity anal-
ysis, plate format

TLC bioautographic assay Water andmethanol plant extracts

Ferreira et al. [35] Modified Ellman, reaction velocity anal-
ysis, cuvette assay

Antioxidant activity also assessed Essential oils, ethanolic extracts,
decoctions

Mukherjee et al. [36] Modified Ellman, plate format AchE from bovine erythrocytes Extracts

Loizzo et al. [37] Modified Ellman, stop time analysis
(20min), plate format

Both AchE and BChE, also antioxidant activity Extracts and fractions

Khan et al. [38] Modified Ellman. Column format Flow injection analysis (FIA) over immobilized
enzyme

Extracts

Cespedes et al. [39] Modified Ellman Both AchE and BChE, also AChE isolated from
S. frugiperda

Extracts, pure compounds

Lai (2013) [40] Modified Ellman, plate format Kinetic analysis andmolecular modeling of
isolated compound

Isolated alkaloids
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thiocholine product with DTNB (Ellmanʼs reagent), to form a col-
ored anion (5-thio-2-nitro-benzoic acid). The exact format of the
assay varies, and the influences of the set-up on the results ob-
tained are thoroughly discussed in a recent article by Järvinen et
al. [27].
Another not as widely used method is the TLC bioautographic
method described by Marston et al. [28]. It is based on the con-
version of naphthyl acetate into naphthol and the formation of
the corresponding purple-coloured diazonium dyewith Fast Blue
B salt. A comparison of the two colorimetric methods (Ellman
and Fast Blue) is presented in the article by Di Giovanni et al.
[29]. The assays for BChE inhibition are commonly based on the
same principles as for AchE [30].
There have been several efforts for further development of the
Ellman method, for example the one described by Ingkaninan et
al. [31]. This study describes the development of a continuous
flow-based system that allows for rapid separation, identifica-
tion, and activity measurement of constituents in plant extracts.
The method comprises the use of a HPLC system with on-line
coupled UV, mass spectrometric and biochemical detection, con-
tinuous mixing of the reagents, and absorbance measurement at
405 nm. If an inhibitor for AchE passes the column, less of the de-
tected product will be formed, and this will result in a negative
peak in the chromatogram.
A survey of the plants screened for their AchE inhibitory activity
and the assays that were used until 2007 is presented by Mu-
kherjee et al. [32]. l" Table 1 presents a few additional examples
of the methods and their developments in more recent years.
The pros of these methods are their robustness and relatively
simple set-up requirements. There are plenty of reference data
and results available which makes validation and comparison of
the assay a straight forward process. Being a biochemical assay
with stable components and a relatively slow velocity of the en-
zymatic reaction, it is also suitable for miniaturization and the
use of automation, making it a good choice if large collections of
compounds or extracts are to be assessed. However, several of
these advantages inherently lead to assay limitations. For exam-
ple, as the assay is almost totally ‘artificial’ since the enzyme is
not human and the substrate and assay environment are non-
physiological, subsequent characterization of the active com-
pounds becomes even more important than usual. Naturally, this
only holds true if the aim is to find starting points for identifica-
tion of compounds active in humans. Nonetheless, if the inten-
tion is to discover future drug candidates, the design of the funnel
for subsequent characterization of active compounds is critical
for success.
Structures of the human recombinant and eel enzymes are very
similar [41]. Still, due to for example post-translational pro-
cessing [42] and molecular variants of human AchE, and the lack
of cellular context of the assay systems, they cannot be consid-
ered as identical, nor will inhibitors as a rule give identical results
[43]. Both false positive and false negative results could be the
consequence and thus seriously challenge the further drug devel-
opment process.
Methodologically speaking, the limitations of using a colorimet-
ric read out and extrinsic indication and indirect quantification
of enzymatic activity with DTNB have recently been addressed.
To measure color formation is always potentially a challenge, es-
pecially with natural products which frequently are strongly col-
ored. As for the use of DTNB, it can be non-optimal if assay condi-
tions are outside of its specific pH range (pH 6.5–8.5), or if for ex-
ample other free thiol-containing agents or reducing groups
(such as oximes) are present [44,45].
To address and overcome these limitations, an assay using elec-
trochemical measurements obtained by differential pulse vol-
tammetry was evaluated [46]. A portable potentiostat system
for detection of the enzymatic product thiocholine, formed from
the substrate acetylthiocholine iodide, was used. The enzyme
source for AchE was human erythrocytes. The authors conclude
that they have developed a label-free electrochemical detection
platform which gives comparative results to the Ellmanʼs meth-
od, and it can be further developed into a multichannel potensio-
stat system with high-throughput compatibility.
Yet another development of the assay is described by Min et al.
[47]. They use a capillary electrophoresis methodwith an on-line
acetylcholinesterase microreactor. In this method, immobilized
AChE microreactor based on an ionic binding and film overlay is
prepared followed by the substrate acetylthiocholine (either
mixed with inhibitor or with no inhibitor) that is then injected
into the capillary to contact the immobilized enzyme. After the
enzymatic reaction, its product and unreacted substrate are de-
tected after separation in the rest of the capillary by applying an
electric potential. Through comparison with the colorimetric
method and testing of both pure compounds and extracts, the
method is claimed to be simple, fast, low cost, and has the advan-
tage of allowing the re-use of the enzyme.
In an effort to reduce the cost of the enzyme in the existing TLC
bioautographic method, several new substrates for AchE were
Vasänge M. Assay Suitability for… Planta Med 2014; 80: 1200–1209
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tested and evaluated. The main finding was that the substrate 4-
methoxyphenyl acetate and a mixed solution of potassium ferri-
cyanide and iron chloride hexahydrate as chromogenic agent,
although being of much cheaper cost, compared well with the
previous detection methods. The risk of some compounds inter-
fering with the detection resulting in false negative data was also
pointed out [48].
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Amyloid-Based Approaches
!

The amyloidcentric [15] approach for identifying disease-modi-
fying compounds for treatment of AD is in great part based on
mutation studies in genes that relate to the relatively rare but se-
vere early onset of the disease. The central player in this approach
is Aβ, its formation, fibrillization, aggregation and forming of the
senile plaques. The factors controlling and contributing to these
processes are complex, which makes identification of the disease
a central cure challenging [49]. As a positive consequence, how-
ever, it gives rise to a multitude of potential opportunities for
pharmacological intervention. For example, inhibition of one or
several of the secretases, the enzymes involved in formation of
the pathological Aβ 42 fragment, is frequently targeted. Also,
compounds that influence trafficking of the APP and its metabo-
lites or those that influence Aβ degradation or are involved in
regulation of these processes are also likely to have an effect on
Aβ accumulation.
An important finding in our understanding of the pathological
processes in the amyloid pathways was the identification and
subsequent structure elucidation [50] of the aspartic proteinase
BACE1 that is one of the two central enzymes in processing of
the APP. Several of the products of these enzyme cleavages are
considered to be important characteristics of Alzheimerʼs dis-
ease, making the inhibition of their formation tempting targets
for drug discovery projects. γ-secretase is the other protease that
in the subsequent step from BACE1 further converts its cleavage
product to Aβ which is the major component of the AD senile
plaques [51]. Due to inherent mechanism-based toxicity (effect
on Notch signaling), γ-secretase inhibition is today not consid-
ered as likely to be a viable chronic treatment strategy for AD
[52].

Target-based assays: β-secretase 1 inhibition
Themost common approach to assess inhibition of the BACE1 en-
zyme is the use of FRET technology, recombinant human enzyme
and an artificial substrate with two fluorophores. These fluoro-
phores are separated from each other, and the signal is quenched
through resonance energy transfer. When cleavage of the sub-
strate occurs, however, the quenching is terminated, and a fluo-
rescent signal can be quantified. The increase in fluorescence is
linearly related to the rate of proteolysis. There are easy-to-use
kits available for this assay (for example, Pan Vera or Invitrogen)
that have been used for natural product testing [e.g., [53,54]).
There are also other commercially available substrates [55–57].
The assay is homogenous and as such readily suitable for both 96
and 384–well formats in automated settings. It is easy to use, ro-
bust and in addition, it easily allows for analysis and determina-
tion of enzyme kinetic parameters that are of importance for
compound characterization. The FRET substrate used is a peptide
fragment from the site naturally cleaved by the BACE1 enzyme.
Once again the drawbacks are associated with the simplicity and
artificial nature of the method. The method uses a ‘man-made’
Vasänge M. Assay Suitability for… Planta Med 2014; 80: 1200–1209
substrate, and the relevance of inhibiting its cleavage by BACE1
is naturally not easy to translate to a clinical or even in vivo situa-
tion. In addition, it is known today that also BACE1 is dependent
on its surroundings and behaves in a different way in different
environments; for example, its efficiency to cleave APP is affected
by its intracellular localization [58]. In reality, Aβ is naturally not
produced in cell-free biochemical environment, and the context
in which the assay components (system components) exist is
fundamentally important. For example, it has been known for
quite some time that both APP and the secretases are all integral
transmembrane proteins [59].

Phenotypic assays: amyloid precursor protein
processing
Transfected cell lines are frequently used when screening for cel-
lular and/or mechanistic activity involved in the amyloidogenic
process. The genes introduced to the cell lines commonly code
for one or more of the identified mutations in early onset AD.
These mutations can for example occur in APP gene, and lead to
elevated Aβ production. People carrying these mutations tend to
develop the disease at relatively young ages [60]. These assays al-
low for assessing if and how compounds (or extracts) influence
the total Aβ that is released, as well as a variety of intermediates,
fragments and products that originate during the amyloid-form-
ing process. Naturally they also make it possible to study the en-
zymatic activities and inhibition patterns in a cellular environ-
ment.
For example, Zhu et al. [61] used a HEK293 cell line stably ex-
pressing the APP Swedish mutation [60] giving rise to elevated
Aβ production and release. After incubation with the inhibitor –
berberine – and lysis of the cells, the lysate was then analyzed
for Aβ and its fragments and, in this case, for BACE1 expression
levels. Also the mechanism of the effect on BACE1 expression
was elucidated. The detection methods were ELISA or Western
blot-based. The same cell line and detection method was used
by Kang et al. [62] but in addition, they also studied the effect of
an Ecklonia cava extract on Aβ 1–42 fibril formation. These fi-
brils/oligomers are considered to be important in mediating
amyloid neurotoxicity [63]. Other cells that have been used are
the neuroblastoma cell line SH-SY5Y transfected with the gene
for APP751 mutation [64] and CHO APP695 mutation [65] as well
as the non-transfected human rhabdomyosarcoma A-204 and rat
pheochromocytoma P-12 cells [66]. An additional elegant exam-
ple of the use of a CHO cell system and ELISA-based analysis of Aβ
42 and 40 in a bio-activity guided fractionation process of a plant
extract of Actaea racemosa is described by Findeis et al. [67]. They
isolated nine active compounds and used the assay to character-
ize them as γ-secretase modulators. Modulators of this enzyme
are considered to be potentially of value in clinical situations
since modulation as contrast to inhibition affects Notch signaling
to a smaller degree [68].
The advantages of these assay systems are illustrated by Liu et al.
[69] who performed a screening campaign for APP modulatory
activity with fifteen plant extracts used in ayurvedic and tradi-
tional Chinesemedicine. Their assay was built upwith the mouse
neuroblastoma cell line (N2a-SwedAP) and six-well format
plates, and the levels of secreted Aβ 40 and Aβ 42 were quantified
by ELISA-basedmethods. In addition,Western blot analysis of the
supernatants and cell lysis products were performed in order to
analyzemore in detail themechanism of the extracts on Aβ prod-
uction. This is of great importance and value since Aβ 42 is more
prone than Aβ 40 to form fibrils, and therefore to be more toxic
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and there are several other fragments of APP (e.g., sAPP and
sAPPβ) to consider for the pathology [70]. The quantifications of
these fragments are generally made with antibody-based meth-
ods and several of them are today commercially available in ELISA
formats (e.g., MyBioSource, Enzo LifeScience). This makes them
relatively easy to handle and even suitable for plate analysis.
These examples are illustrative of the benefits of these pheno-
typic screening assays: their use allows for more detailed and
uniquely designed set-ups that can give answers to mechanisti-
cally more relevant questions. These questions can also be indi-
vidually phrased by the scientists in charge of the assay, leaving
room for hypothesis testing and analysis. The assays have also
been broadly used for screening of synthetic compound libraries.
A variety of cell lines and assay formats have been evaluated for
use in screening [71], a few of them being of neuronal human ori-
gin (SK‑N‑SH and SK‑N‑AST, human neuroblastoma lines and H4
neuroglioma cell line). This is obviously a further development of
the assays towards an increasingly informative phenotypic set-
ting with higher information content and better predictive value.
The ideal would be to use appropriate primary human cells, but
since human neuronal cells are next to impossible to get hold of,
a further development of the assay is to use primary cell cultures
from animals. For example, rat primary cortical neurons that re-
lease Aβ for ELISA quantification can be prepared. Also effect on
BACE1 enzyme activity in these cells can be measured [72].
In recent years the trend has been for APP processing screening
assays to become more robust, easy to handle, and more suitable
for microtiter plates. In many cases, this has led to rather expen-
sive reagents and the need of purchasing specific ready-made
kits. As the methods move from simpler overexpressing cell sys-
tems towards primary cells, they also become even more difficult
to perform in bigger automated formats. An additional price to
pay is the loss in robustness: the less uniform the cells used, the
bigger the variation in results both within and outside the re-
search team. The big benefit is naturally the quality and amount
of data that can be obtained from the assay.
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As the amyloid cascade hypothesis as the sole central cause of the
sporadic form AD has growingly become questioned, an increas-
ing awareness of other potential deficiencies and malfunctions
underlying the pathology has emerged [73]. An additional and al-
ternative theory that has been proposed is that molecular mech-
anisms mediating the genetically determined form of the disease
differ from the late-onset AD and that chronic inflammation and
cellular stress to neurons owing to infection, disease, or age-de-
pendent changes are its driving force. Furthermore meta-analysis
of epidemiological studies has indicated that the use of NSAIDs
might lower the risk of developing AD [18]. Inflammation can be
one of the mechanisms by which a redox imbalance and increase
in free oxygen radicals (ROS) is created in the CNS [74]. Conse-
quently, an alternative free radical hypothesis proposes that oxi-
dative stress might precede the events leading to Aβ oligomeriza-
tion [75].

Target-based assays: radical scavenging and
antioxidant activity
There is a recent review from 2012 by López-Alarcón and Denico-
la [76] on chemical and cell-basedmethods for assessing the anti-
oxidant capacity of natural products. A number of chemical as-
says are available and commonly used, for example DPPH (stable,
free oxygen radical) and ORAC (measuring the fluorescent loss of
a probe) methods. They are all relatively easy to set up, robust to
use and low in cost. However, their use is largely limited by their
inability to capture other than small fractions of the complex in
vivo situation of oxidative damage. Awareness of the limitations
is therefore essential. Translation of the measured activity in
these assays to an effect in vivo is difficult if at all possible, and
although they give information about the radical scavenging ac-
tivity of compounds and extracts, they are not suitable for assess-
ing antioxidant capacity [77]. A recommendation made by Niki
[78] is to assess the capacity of antioxidant compounds and their
mixtures for their effect on the levels of plasma lipid peroxidation
in vitro and biomarkers of oxidative stress in vivo.
Still, instead of totally avoiding the chemical assays, they can be
deployed as complements or whenever there is a need for a rapid
and easy assessment of extracts and compounds. Alternatively,
several of them can be used in combination, or as a “battery” of
assays measuring different aspects of antioxidation thus creating
more informative antioxidant profiles of the compounds and ex-
tracts. In this line, Kamdem et al. [79] have recently published
their study of Melissa officinalis and its antioxidant properties
based on several chemical assays. Also Venkatachalam et al. [80]
have studied antioxidant properties of plant material, in their
case Psidium guajava (guava), using a variety of chemical meth-
ods, such as DPPH, NO, and SO radical scavenging assays. As
pointed out by the authors, to confirm the relevance of the
present findings, both in vitro and in vivo studies are subse-
quently needed. Another approach is to combine one or several
of these chemical methods with other assays built around other
mechanisms of the disease. Arruda et al. [81] worked with essen-
tial oil fractions from Hedychium gardnerianum and studied, be-
sides antioxidant properties using the DPPH method, also AchE
inhibitory activity. Even more comprehensive assay set-ups have
been used, including, in a study of leaf and fruit extracts of Ju-
glans regia L. (walnut), DPPH and DMPD assays, antioxidant activ-
ity testing against SO, NO, and H2O2 radicals, as well as ferric ion-
chelating capacity, and ferric- and phosphomolybdenum-reduc-
ing antioxidant power. Furthermore BChE and AChE inhibitory
activities were measured [82].

Phenotypic assays: cellular antioxidation
One of the benefits of measuring cellular antioxidant activity is
that the assay can be built on different types of cells in culture
and that the type of cells can be chosen for their relevance as a
phenoytypic set-up for the disease. Different stressors are then
used, and their choice also reflects which pathway is in the focus
of current interest of the investigator. In general, the inhibitor is
added simultaneously or prior to the stressor, and the measured
phenomena include suppression of ROS formation, oxidation of
lipids, proteins, and DNA, and cell death. For example, a common
method is to use human hepatocarcinoma HepG2 cells that are
loaded with the redox sensor dihydrodichlorofluorescein oxi-
dized to fluorescent dichlorofluorescein by free oxygen radicals
[76]. The cell assays are naturally more informative as they also
take into account factors like cell permeability and uptake which
may considerably affect the assay read-out [78].
Cells systems can also successfully be used with extracts and bio-
activity-guided fractionation studies. For example, an assay com-
prising the neuroblastoma x glioma hybrid cell line NG108–15
(from rat andmouse origin), after a H2O2 insult, has recently been
described. Neuroprotective activity was quantified with assess-
Vasänge M. Assay Suitability for… Planta Med 2014; 80: 1200–1209
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ment of cell viability using the MTT method. Furthermore, the
fluorescent probe DCFH‑DA was used for labeling the ROS
formed, and a flow cytometric analysis was conducted thereafter
[83]. In another study, Zhao et al. [84] used rat PC12 cells and
tBTH as insult and measured cell viability with the MTT method.
Another example is the detailed study of the semisynthetic com-
pound ipriflavone. The cells used in this study were SH-SY5Y
cells, a subclone from a human neuroblastoma cell line, and
H2O2 was used as oxidative insult. The SH-SY5Y cells have the ad-
vantage of being both human and of neuronal origin, besides
being relatively easily cultivated. Cell death was measured by
theMTTmethod and ROS quantified by FACScan [85]. Also Custó-
di et al. [86] used SH-SY5Y cells, H2O2 as insult, and MTT for cell
viability determination. They investigated extracts from Quercus
sp. and, besides assessing antioxidation, they also measured the
effect of the extract on AchE and BchE inhibition.
An assay system with a phenotypic set-up that builds on the use
of an even more physiologically relevant cell type has been de-
scribed by Ha et al. [87]. In an extensive study of 6-shogaol, a con-
stituent of ginger, microgliawere the choice of cells for the assays.
Microglia are generally considered to be the ‘brain-resident mac-
rophages’ and due to their involvement in immunological and in-
flammatory responses they can be regarded as a highly relevant
cell type for the investigated mechanisms. They respond readily
to changes in their microenvironment, and are for example sensi-
tive to stimulation with LPS whereby ROS (among other factors)
is released [88]. Ha et al. [87] used the mouse microglia cell line
BV-2 and rat primary microglia cultures stimulated with LPS and
measured a number of products including NO and iNOS activity.
Their set-up allowed for determination of several additional
products thus enabling a thorough investigation of the mecha-
nisms. A limitation is obviously the complexity of assay systems
including the maintenance of cell cultures. On the positive side
are the relevant products measured and the use of cell lines of ap-
propriate origin (even if from the ‘wrong species’).
As can be seen from previous examples, cell assays for identifica-
tion of antioxidative compounds differ in how well they reflect
and resemble the physiological and pathophysiological situation.
In general, the greater the relevance, the more demanding will
the assay performance and maintenance become. For an optimal
phenotypic assay, the cell line used should naturally be of human
origin and of an appropriate kind, which in the case of AD would
be microglia. As primary human (and also from other species)
microglia are difficult to access, and since there is no immortal-
ized cell line readily available today, the most common approach
is to use one of the rodent cell lines (e.g., BV-2, HAPI, HMO6) [88].
T

Discussion
!

Still today, AD remains a huge challenge for the scientific commu-
nity. After identification of the sticky Aβ protein as themain com-
ponent of the AD plaques in the 1980s [89], with the subse-
quently identified mutations in the gene coding for its precursor
APP, (e.g., [90]) there was an era of cautious optimism among sci-
entists concerning the availability of efficient treatments in a
reachable future. Over the years, this amyloidcentric theory has
become increasingly questioned partly because the compounds
tested with these mechanisms have not shown encouraging clin-
ical effectiveness [49]. Thus a theory of the common familial form
of the disease having a deviating mechanism (or mechanisms) is
becoming more and more accepted. An illustrative fact is that
Vasänge M. Assay Suitability for… Planta Med 2014; 80: 1200–1209
even though big numbers of epidemiologic and risk analyses have
been conducted [91], very few clear contributing factors have
keyed out from the studies. In fact, the by far greatest risk known
today is old age! Consequently, AD is characterized of both sev-
eral in detail elucidated contributing mechanisms and a huge
complexity of networking events. Thus screening approaches for
identification of future therapeutic candidates can be proposed
to benefit from both target-based and phenotypic strategies.

The answers you get arise from the questions you ask
Always, when initiating the process of choosing a screening assay,
the first question one should consider is the purpose of the assay,
in other words, what the results will be used for. Obviously, there
are numerous reasons for setting up an assay: it could be to sur-
vey a collection of extracts or pure compounds or it could be to
produce a publication. In many cases, it probably is to identify
and characterize suitable compounds as leads. These can subse-
quently be optimized into potential candidate drugs or at least
used for further studies on the disease mechanism of interest.
How can we decide if an assay is suitable for the purpose? Logi-
cally, if the aim is to perform a rapid survey, then the assay cho-
sen should be a fast, simple, and reproducible method of making
comparisons. If, on the other hand, the aim is to find new com-
pounds with in vivo – and potentially even clinical – efficacy in a
complex disease, then the considerations in focus should be how
well we understand the disease, what the important mechanisms
and processes are, and what we know of the predictive value of
measuring these isolated events. The bottom line is to be well
aware of what the chosen assay is capable of measuring, and
what it is not. In other words, a simple question will not give a
complex answer and vice versa.
The streamlined process of modern drug discovery with usually
high magnitude compound screening capabilities can be used
for both synthetic and natural product libraries. It usually starts
with an identified medical need and is connected to a hypothesis
of modulating a specific target for achievement of a beneficial
treatment effect. It is in many ways an attractive approach. The
process is logical with a relatively linear step-by-step progress,
and the complexity of methods and assays increases as the proj-
ect proceeds. Different scientific disciplines co-operate with
well-defined and clear responsibilities of each unit [92].
Power of phenotypic primary screening, on the other hand,
might specially be underscored in such complex diseases where
there still is lack of understanding and elucidation of their causa-
tive pathological mechanisms. In many cases, the assay will not
be fit for extensively high throughputs, and the data obtainedwill
need laborious processing and analysis. It seldom gives simple
‘yes’ or ‘no’ answers, and the results might even be unexpected
and difficult to interpret. On the plus side, the really unique,
meaningful finding might be the end result [93].
The target based reductionistic approach can in a more successful
way than the phenotypic make use of structural biology and
computational methods for compound optimization. A risk that
on the other hand is commonly pointed out [94] is that screening
for selective and specific compounds that modulate single targets
leads to identification of compounds that lack end-effect on the
disease. This could be caused by redundant mechanisms and
pathways that will neutralize the effect on a specific target in in
vivo and clinical situations. Furthermore the target-based ap-
proach is built on filtering compounds starting with less complex
assays and building onmore complexity later in the process. Thus
if the first assay in some way is poorly chosen, by ‘asking the
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wrong question’, then the wrong compounds ‘answers’ will be
picked-up thus leading inevitably to failure later on in the cas-
cade. A careful consideration of the uniqueness of each situation
and assay is therefore essential [95].
As for the phenotypic systems, the results should be more easily
translatable to the disease since the measurement is done on a
mechanism with several contributing pathways. On the other
hand, optimization may need to be driven towards several direc-
tions and maybe results in the need of combined effect of several
compounds.When elucidation of themechanism of interaction is
eventually carried out, it may turn out to be impossible to point
to a single – or even to a few –well-defined pathways that could
explain the observed effect [96]. Reductionism in its many forms
has given us the precision in understanding target function at the
molecular level, but it has also increased the risk of the researcher
quantifying isolated events that lack further value [97].
Today natural products have regained their acknowledged role as
source for new compound leads in screening efforts. It could be
argued that due to the diversity represented by extracts and the
chemical complexity of the pure natural compounds in addition
to their frequently low potency interactions in biological sys-
tems, phenotypic screening methods should be the assays of
choice. Nevertheless, the reductionistic approach and biochemi-
cal assays are still a useful way of natural product screening, as
long as there is awareness of what they can and cannot achieve.
One aspect where they have clear superiority to phenotypic as-
says is in the numbers of samples that they can handle. Naturally,
considerations on assay design as regards to robustness and re-
producibility, detection technologies, as well as miniaturization
and automation should be guided by the specific need of each
screening effort.
To conclude, the bottom line is to decide and carefully phrase the
question that the assay can give an answer to. Obviously, if this is
not properly done then the answers obtained will lack validity.
This requires scoping the disease mechanisms and how each of
them, including the target mechanism of the assay, contributes
to the pathology. Finally knowing and in detail understanding
the assay and its components will create a solid ground for inter-
preting the answers given by it.
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