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Plant extracts and pharmacopoeias represent an exceptional breeding ground for the discovery of new antioxidants. Until
recently, the antioxidant activity was only measured by chemical hydrogen atom transfer (HAT) and single-electron
transfer (SET) cell-free assays that do not inform about the actual effect of antioxidants in living systems. By providing
information about the mode of action of antioxidants at the subcellular level, recently developed live cell assays are now
changing the game.
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| 1. Introduction

Like all organisms living under aerobic conditions, plants produce reactive oxygen species (ROS), especially as
byproducts of their cell metabolism. There are many sources of ROS production in plants, which occurs in various cellular
organelles such as mitochondria, chloroplasts, peroxisomes, apoplast, glyoxysome, the plasma membrane, and even the
cell wall . Numerous ROS have been identified with four star species: two free radicals, superoxide anion (O,"") and
hydroxyl radical (HO"), and two nonradicals, hydrogen peroxide (H,0,) and singlet oxygen (*O,). Two radically different
chemical pathways lead to the production of these molecular species. Singlet oxygen is generated via a triplet state
energy transfer to molecular oxygen, whereas the production of superoxide, hydrogen peroxide, and hydroxyl radical is
the consequence of the transfer of one, two, or three electrons to oxygen, respectively.

ROS, which represent about 1-2% of the total O, consumed by plants, play a dual and opposite role depending on their
level in the different cellular compartments 2. At low concentration, they tend to form a network of intracellular signaling
molecules involved in the maintenance of cell homeostasis, participating in proliferation, differentiation, growth, metabolic
regulation, and programmed cell death and at the tissue level in root gravitropism, stromata closure, seed germination,
lignin biosynthesis, osmotic stress regulation, and the defense against pathogens B, At high concentration, however, they
are responsible for the oxidative cell injury process. Detrimental effects associated with ROS imbalance lead to damage at
both cell and tissue levels. On a molecular scale, ROS induce lipid peroxidation, alteration of permeability and fluidity of
cell membrane, ion leakage, amino-acid oxidation, enzyme deactivation by cofactor oxidation, DNA/RNA damage, and
reduced photosynthesis El. Endogenous antioxidant systems and especially free radical scavengers are now seen,
beyond their own signaling activities, as a way to regulate ROS imbalance by controlling their location and signal
amplitude and duration, in order to make sure that the ROS signal does not get out of control 5],

Plants are subject to drastic environmental challenges such as drought, salinity, metal exposition, temperature variations,
flooding, ozone, soil alkalinity/acidity, UV radiation, and high light exposition [, All these adverse conditions are known to
induce massive production of ROS with harmful consequences, and maintaining cell homeostasis requires a rapid and
efficient antioxidant mechanism €. Antioxidants present in plants can be classified as enzymatic and nonenzymatic. The
main enzymatic components are superoxide dismutase (SOD), catalases, ascorbate peroxidase (APX), glutathione
reductase (GR), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione-S-
transferase (GST), glutathione peroxidase (GPX), and other peroxidases (POX) . Classical nonenzymatic antioxidants
comprise ascorbate, glutathione, a-tocopherol, carotenoids, flavonoids, cysteine, methionine, polyamines, and the more
recently identified dehydrins and annexins 2,

Carotenoids form a group of pigments present in plants, cyanobacteria, algae, and some fungi, with more than 700
identified species. Apart from their pigmenting properties, they are particularly important ROS regulators. In photosynthetic
organisms, they act as quenchers of singlet oxygen by inhibiting triplet transfer produced during photosynthesis and help
protect the photosynthetic machinery by quenching excited chlorophyll .



Flavonoids are a class of secondary metabolites exclusively produced by plants. There are currently more than 10,000
identified flavonoids subdivided into seven families: flavones, isoflavones, flavonols, chalcones, anthocyanidins, flavanols,
and flavanones. Flavonoids usually outperform other antioxidants due to their strong capacity to donate electrons or
hydrogen atoms. Some of them serve as substrates for peroxidases [& but most act as direct free-radical scavengers.
They are oxidized by free radicals, giving rise to a less reactive and more stable radical, thereby stabilizing ROS [&. Other
phenolic compounds such as tannins (or proanthocyanidins), hydroxycinnamate esters, lignans, stilbenes, and other
polyphenols (curcuminoids, phenolic terpenes, tyrosols, etc.) are also present in plants with various antioxidant properties
(19],

The vast amount of data describing the central role of both ROS and the components that regulate them identify plants as
a countless source of antioxidant extracts/compounds, and both academia and industry have intensively explored this
diversity for decades, looking for the antioxidant grail (Eigure 1). However, the vast majority of these studies were carried

out using test-tube antioxidant assays. These classical in vitro assays have been widely and extensively described
elsewhere (see LUML2II3] for recent reviews). Methods are divided in two categories according to the HAT (hydrogen atom
transfer) or SET (single-electron transfer) reaction mechanism they involve. HAT measures the capacity of a compound to
guench free radicals by hydrogen atom donation, whereas SET detects the capacity of a compound to reduce another
compound by transferring one electron 2. Importantly, all these assays are performed in an acellular environment and do
not give any clues about the real expected antioxidant effect in living organisms. For these reasons, the information
provided by in vitro assays is usually retained under the term of antioxidant capacity (AC). These methods may inform
about molecular mechanisms such as inhibition of radical formation, local decrease in oxygen concentration, interaction
with organic radicals, or even conversion of peroxides to stable products 14, but in an environment that does not reflect in
vivo situation 4. However, it is important to note that improvements in AC methods such as the lipoxygenase/fluorescein
system (LOX-FL) have recently succeeded in measuring antioxidant activities in ex vivo materials such as blood and
serum samples 12! These methods use the soybean LOX-1 isoform to generate several (more physiologically relevant)
free-radical species close to those present in cells. Coupling with the hydrogen peroxide level allows to give an estimate
of the antioxidant/oxidant balance (AOB) that informs on the actual antioxidant levels found at systemic level after food
intake, for instance (8. Even if these approaches remain performed in a cell-free environment, they provide quantitative
information on antioxidant bioavailability. From our point of view, apart from these recent developments, HAT and SET
assays should remain limited to the field for which they were originally intended: the search and optimization of new food
preservatives for which the only required function is a protection against O, aggression 4.
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Figure 1. Strategy of valorization of plant extracts through live cell assays. Due to the strong environmental influence,
plants produce oxidative stress, which forces them to equip themselves with powerful antioxidant systems. Emergence of
new standardized live cell assays now allows for quantification of plant extract antioxidant power from monograph to high-
throughput screening studies. SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; POX:
peroxidases; GR: glutathione reductase; GPX: glutathione peroxidase; (M)DHAR: (mono)dehydroascorbate reductase;
GST: glutathione-S-transferase.



| 2. Cell Antioxidant Assay (CAA)

Principle: The cell antioxidant assay (CAA) was until recently the only cell-based assay commonly used for
demonstrating antioxidant effects in live cells. The concept of CAA was developed after a series of studies in the 1990s
(28]119][20] that led to a standardized approach allowing measurement of intracellular ROSs via the use of a 2',7'-
dichlorofluorescin diacetate (DCFH-DA) probe. DCFH-DA is a nonpolar and nonionic form of 2',7'-dichlorofluorescin
(DCFH) which can easily be transported across the cell membrane. The ester bond is then hydrolyzed by endogenous
cellular esterases, bringing the probe back to its reduced (and more oxidizable) form and limiting the newly formed polar
DCFH to move back in the extracellular medium (Eigure 2). Oxidation of DCFH by ROS eventually leads to the fluorescent
2", 7'-dichlorofluorescein (DCF) form. The procedure was further developed in 2007 by Wolfe and Liu & as a live cell
antioxidant assay able to analyze the effects of a panel of fruit extracts 22. Even if DCFH provides a useful way to detect
ROS production in the cytosolic compartment, the protocol for a derived antioxidant assay needs the addition of an ROS
generator. AAPH (sometimes called ABAP), the free-radical initiator used by Wang and Joseph in their pioneering study
(201 hecame the standard. AAPH is known to spontaneously decompose to form carbon-centered radicals 28! which, in the
presence of molecular oxygen, initiate lipid peroxidation by attacking plasma membrane polyunsaturated fatty acids 241,
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Figure 2. Live cell antioxidant assays based on chemical stress inducers. DCFH-DA is trapped in the cell in the form
of DCFH which can be transformed by peroxidation products into the fluorescent DCF. Antioxidant effect is measured as
the ability to inhibit the formation of AAPH-induced lipid peroxidation.

Specificity: Up to date, no action of AAPH has been demonstrated outside the plasma membrane, and CAA results need
to be interpreted as the capacity of assayed samples to selectively interfere with plasma membrane-associated lipid
peroxidation production 23, This is also supported by studies on DCFH intracellular location. The traditional view is that
the probe diffuses in the cytosol 28] up to the mitochondria 22 but nuclear magnetic resonance (NMR) data using
liposomes as a model strongly suggest that DCFH locates within the lipid bilayer and, more precisely, between the lipid
chains in the perpendicular direction to the interface [28l. The CAA assay is theoretically adaptable to any cell lines and a
simpler version of the assay, called ERYCA (erythrocyte cellular antioxidant activity), has been developed on erythrocytes
using AAPH as stressor and light scattering signal instead of DCFH-DA fluorescence as the readout 29, The approach
has been successfully applied to rank antioxidant effects of 34 common tropical fruits B9,

Applications to plant extracts: Among the 25 recent surveyed studies (>2018) (with 12 performed on HepG2 model),
only a short list of plant extracts or compounds provided conclusive dose-response data: silybin from cypselea (Silybum
marianum L.) B and phenolics from black rice 22l in HepG2 cells, isoflavones from black chickpea (Cicer arietinum L.) in
both HepG2 and MDA-MB-231 cells, and extracts of Jerusalem artichoke (Helianthus tuberosus) tubers and leaves 3! in
HaCaT and BJ fibroblast models.

CAA drawbacks: Despite the high number of studies dealing with the use of the DCFH-DA/AAPH combination to analyze
antioxidant effects in live cells, many authors have pointed out severe drawbacks which strongly limit the performance of
the approach. First of all, the protocol appears to be difficult to standardize. For instance, there is no consensus on the
number of PBS or HBSS buffer washes inserted between extract treatment and AAPH addition, and it has been shown
that these washes influence dose—response curves [21. Despite the cutting off of the acetate group by cellular esterase
activity, retention of the probe inside the cell is time-dependent, and part of the DCF fluorescence diffuses to the
extracellular compartments, excluding definitive evidence that the observed antioxidant effect actually happens inside the
cell. It has been shown that up to 90% of fluorescence can go back to the culture medium after only 1 h of incubation even
at low DCFH-DA concentration (11 mM) 4. Some confusion also comes from the fact that DCF can behave itself as an
antioxidant or a prooxidant according to its intracellular concentration B2, Chemical stressors also expose the cells to
massive exogenous radicals, and more physiological stressors such as oleic acid have been applied with some success,



but with low signal amplitude, as a surrogate to AAPH in the CAA procedure 28, Furthermore, the diverse cell lines used
in the CAA assay are cultured in diverse culture media with different compositions which are also known to influence DCF
fluorescence, possibly due to spontaneous auto-oxidation of DCFH-DA to DCF 4. Other data showed that AAPH-
induced peroxyl radicals increase cytosolic calcium from both extracellular and reticulum endoplasmic compartments 8],
and a recent study concluded that low concentration of calcium and magnesium ions in culture medium leads to
underestimated CAA results in both HepG2 and CaCo2 cells B2, The number of cells per well used for CAA analysis is
another concern as fluorescence measurement varies with cell density 2. Last but not least, the CAA assay cannot
discriminate between the antioxidant and the cytotoxicity effect of the assayed sample and necessitates the addition of a
toxicity assay (usually MTT) to specify which effect is actually observed.

| 3. AOP1, a New Antioxidant Live Cell Approach Based on Photoinduction

The idea of a new antioxidant live cell assay came from the abovementioned photoinduction process but with biosensors
capable of emitting signals linked to the actual concentration of ROS produced by the cells. Simple photosensitizers
added to the culture medium that are able to reach the plasma membrane, such as PDT agents, or enter cells have been
described in the past. Among them, thiazole orange (TO) is a photosensitizer of the asymmetric cyanine subfamily known
to selectively target cytosolic and nuclear 3D structured nucleic acids “9. TO presents a very interesting property for cell
biology; its fluorescence quantum yield remains very low (2 x 107) in the culture medium due to free rotation of its two
aromatic rings around the methine bridge that links them 11, In this situation, energy relaxation occurs on a nonradiative
mode via internal conversion through an ultrafast intramolecular twisting (100 fs) at the excited state. This basically means
that there is virtually no residual TO fluorescence before the photosensitizer has reached its intracellular target. TO is
known to interact with nucleic acids as an intercalator and/or a minor groove binder with an increase of its fluorescence
quantum yield to 0.1, denoting a 500-fold gain 2, an increase attributed to a restriction in its torsion capacity 43!, More
interesting, a recent electron paramagnetic resonance (EPR) study conducted in HepG2 cells showed that TO acts as a
classical photosensitizer producing both 10, (type Il reaction) and OH" (type | reaction) [41l. Lastly, TO presents another
quite unique property in live cells; its fluorescence level increases during the irradiation-driven photoinduction in a process
called light-up cell system (LUCS) 44l The intimate mechanisms underlying LUCS have been partially deciphered. TO
passively enters the cells but is mainly removed by efflux transport proteins (presumably of the MATE family), limiting its
access to nucleic acids and resulting in a low fluorescence level. When light is applied, ROS induced by TO
photoactivation alter efflux and/or other cellular functions, perturbating cell homeostasis and triggering a massive entry of
TO which progressively saturates nucleic acid binding sites, resulting in a relevant increase of fluorescence level. For the
first time, cell ROS level can be precisely controlled, kept at a sublethal level, and quantified by a simple fluorescence

measurement 221, This unique feature led to the development of a new promising antioxidant assay called AOP1 (Figure
3) 18l
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Figure 3. AOP1 assay, live cell antioxidant assay based on photo-induced ROS production. (1) Before photoinduction, TO
is massively removed from the cell by efflux transport proteins; (2) photoinduction is initiated by an energy transfer from
thiazole orange (TO) to molecular oxygen at the triplet state forming singlet oxygen and subsequent free radicals (ROS);
(3) ROS alter TO efflux transport and other cell functions; (4) massive entry of TO triggers an increase in fluorescence
emission. Effect is measured as the ability of antioxidants to quench ROS production, keeping TO out of the cell and
resulting in low fluorescence.

AOP1 protocol includes a run of moderate light applications, each leading to a moderate ROS production and a moderate
increase in fluorescence. Antioxidant effect (i.e., the capacity to neutralize intracellular ROS or free radicals) is measured
as the ability of extracts/samples to delay or suppress this ROS-induced increase of fluorescence ¥, The antioxidant
index is calculated as the integration of measured fluorescent signal over time. AOP1 is to our knowledge the first
approach able to quantitatively assess quenching of ROS or free radicals directly produced by living cells. The AOP1
assay has been already applied with success to classify 15 standard antioxidants according to their efficacy
concentrations (ECsgs) 48 and to assess cellular antioxidant effects of many plant extracts including a phytocomplex of
bilberry (Vaccinium myrtillus) ¥, The AOP1 approach presents many benefits over the competitive CAA approach (Table
1). One concern is the availability of an appropriate light source as irradiation energy takes place in the range of 20
mJ/cm?2. However, the recent emergence of high-throughput tools for optogenetics led to the development of appropriate
96-well plate illuminators that are either commercially available or produced on a DIY open-source mode 481491,

Table 1. Features and limits of the two main live cell assays for the measurement of direct antioxidant effects.

CAA Assay AOP1 Assay

Based on the productlon. of AAPH-induced Based on the controlled production of 10, and free radicals by photoinduction

peroxyl radicals

Measures effects of _pla_sma membrane- Measures effects of intracellular-based antioxidants

based antioxidants

No control of ROS production Easy con_trol of ROS production l_)y light mtensn_y; all_ows monltormg_; ROS
production at a sublethal level (i.e., more physiological concentrations)

Interpretation limited to AAPH effects

Does not differentiate I_Jetween antioxidant Can easily discriminate between antioxidant and cytotoxic effects
and cytotoxic effects

Results need to be confirmed by No other assay needed
performing a cytotoxicity assay (e.g., MTT) y

DCFH-DA subject to auto-oxidation Sensor not directly involved in the oxidation process
Subject to cell leakage No cell leakage

Fluorescence levels vary according to cell . .
densitil’ 9 No effect of cell density (measure on a ratio mode)

Needs culture medium washes that disrupt .
No washes required

cell culture
Difficult to standardize Easy to standardize
Detection by fluorescence readers Detection by fluorescence readers + illuminator
Limited to adherent cells Works for adherent and suspension cells, and organotypic models
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