
antioxidants

Review

Evaluating the In Vitro Potential of Natural Extracts to
Protect Lipids from Oxidative Damage

Rafael Félix 1,2,* , Patrícia Valentão 2 , Paula B. Andrade 2 , Carina Félix 1, Sara C. Novais 1

and Marco F. L. Lemos 1

1 MARE—Marine and Environmental Sciences Centre, ESTM, Instituto Politécnico de Leiria, 2520-641 Peniche,
Portugal; carina.r.felix@ipleiria.pt (C.F.); sara.novais@ipleiria.pt (S.C.N.); marco.lemos@ipleiria.pt (M.F.L.L.)

2 REQUIMTE/LAQV, Laboratório de Farmacognosia, Faculdade de Farmácia, Universidade do Porto,
4050-313 Porto, Portugal; valentao@ff.up.pt (P.V.); pandrade@ff.up.pt (P.B.A.)

* Correspondence: rafael.felix@ipleiria.pt

Received: 12 February 2020; Accepted: 8 March 2020; Published: 11 March 2020
����������
�������

Abstract: Lipid peroxidation is a chemical reaction known to have negative impacts on living
organisms’ health and on consumer products’ quality and safety. Therefore, it has been the subject of
extensive scientific research concerning the possibilities to reduce it, both in vivo and in nonliving
organic matrices. It can be started by a variety of oxidants, by both ROS-dependent and -independent
pathways, all of them reviewed in this document. Another feature of this reaction is the capacity
of lipid peroxyl radicals to react with the non-oxidized lipids, propagating the reaction even in the
absence of an external trigger. Due to these specificities of lipid peroxidation, regular antioxidant
strategies—although being helpful in controlling oxidative triggers—are not tailored to tackle this
challenge. Thus, more suited antioxidant compounds or technologies are required and sought after
by researchers, either in the fields of medicine and physiology, or in product development and
biotechnology. Despite the existence of several laboratory procedures associated with the study of
lipid peroxidation, a methodology to perform bioprospecting of natural products to prevent lipid
peroxidation (a Lipid Peroxidation Inhibitory Potential assay, LPIP) is not yet well established. In this
review, a critical look into the possibility of testing the capacity of natural products to inhibit lipid
peroxidation is presented. In vitro systems used to peroxidize a lipid sample are also reviewed on
the basis of lipid substrate origin, and, for each of them, procedural insights, oxidation initiation
strategies, and lipid peroxidation extent monitoring are discussed.
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1. Introduction

Oxidation is a well-known factor affecting the integrity of biological systems, influencing the
physiological state of living organisms and the chemical composition of organic matrices. Oxidative
damage can be induced by a variety of physicochemical processes, such as exposure to heat, light,
or oxidizing chemical agents [1,2]. One of the most relevant classes of oxidizing chemical agents causing
oxidation of biomolecules are Reactive Oxygen Species (ROS), which are ubiquitous in biological
tissues due to aerobic metabolism or to direct exposure to the atmosphere [3,4]. While affecting most
types of molecules, oxidation occurrence in lipids (lipid peroxidation, LPO) is a problem for both
human health and the industries of food, feed, and cosmetic products.

Lipid peroxidation in cells results in the degradation of the lipid bilayer composing cell
membranes [5,6]. Besides, LPO end-products can further promote mutagenesis or protein oxidation,
disturbing cellular homeostasis, and their implications in human health have been extensively
reviewed [7–13]. In nonliving biological matrices (organic products, such as food or feeds), LPO is
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known to cause nutritional-value loss, the development of unpleasant sensorial characters (such as
the rancid off-flavors and darkening of food products), and the occurrence of by-products toxic to
the consumer [14–16]. Therefore, inhibiting LPO is of utmost importance for industries interested
in both health-promoting applications and shelf-life-extending technologies. However, despite the
paramount need for preservatives, specifically for food products, the use of synthetic antioxidants as
additives in product formulas has been increasingly discouraged by policy makers and consumers,
given their proven/potential negative effects on human health and the environment [17]. Natural
substituents are therefore sought by industrial manufacturers of LPO-prone products. Additionally,
antioxidant-containing food products are increasingly demanded by the fast-growing market of
healthy foods.

Screening for these natural-sourced antioxidants has become a common practice in
bioprospecting/biotechnology. Many biomass sources are widely recognized as containing natural
antioxidants (mostly of phenolic nature) and are tentatively explored as additives (either as
whole-ingredients or in the form of extracts/isolated molecules) in product formulations [18–24].
However, not every natural extract, fraction, or molecule (from here on referred to as natural
product, NP) with antioxidant capacity will exhibit the same activity in protecting lipid substrates
from peroxidation, as it depends on several factors such, as redox potential and lipophilicity of the
compounds [25]. Effective antioxidants can protect against lipid peroxidation through different modes
of actions: They can act indirectly, by neutralizing one of the initiators of the lipid oxidative damage
(e.g., by absorbing photons, neutralizing ROS, or chelating metal ions), or directly, by neutralizing
lipid radicals (the first product of lipid oxidative damage), thereby stopping the propagation reactions,
typical of lipid peroxidation. Thus, complex natural extracts will exhibit a combined Lipid Peroxidation
Inhibitory Potential (LPIP), depending on their composition on antioxidants capable of neutralizing
oxidative stress and stopping the chain reaction of lipid radical propagation.

The indirect antioxidant potential of biological extracts can be screened by a variety of in vitro
methodologies, most of which are dedicated to only one of the triggers presented above. Long-known
assays that are very common in the literature of bioactive compounds (particularly antioxidants), such
as the reduction of diphenylpicrylhydrazyl (DPPH), the ferric-reducing antioxidant potential (FRAP),
or the oxygen radical absorbing capacity (ORAC), are some examples of the wide variety of antioxidant
methods that will indirectly reflect an extract’s LPIP. This thematic of antioxidants has been extensively
reviewed elsewhere [26–29]. Because each of these assays are specific for one of the triggers, none of
them reflects the combined capacity of NPs to mitigate LPO altogether, whether by exerting effect in
more than one trigger or by acting on a different phase of the LPO reactions (e.g., neutralizing the lipid
peroxyl radical, thereby stopping the chain reaction of LPO). However, when analyzing LPIP by using
an in vitro model of LPO, the combined effects of indirect and direct modes of action of antioxidants
can be determined, broadening the spectra of possible successful hits in NPs’ biodiscovery. Therefore,
LPIP in vitro assays are the focus of this review, and the scientific literature on this subject is further
addressed and detailed in Section 3.

2. Lipid Peroxidation

Lipid peroxidation is a type of oxidative degradation of biomolecules, where a peroxide is formed
from a lipid substrate. Peroxides are compounds containing a structural formula of the type R-O-O-R’,
where O are oxygen atoms in the oxidative state −1, a less common and less stable form of oxygen.
Lipids are especially prone to peroxidation, mainly the polyunsaturated fatty acids (PUFAs), whether in
the form of triacylglycerides (TAGs) or of free fatty acids (FFAs), but also polar lipids containing these
PUFAs (mostly glycolipids, phospholipids, and sphingolipids), and cholesterol, due to the presence of
methylene groups adjacent to double bonds [30]. In this section, the reaction mechanism of LPO is
briefly discussed, with the goal of introducing two main concepts of extreme relevance to this review
of methods to determine LPIP in vitro: initiators and end-products. These two concepts support
the discussion of two important steps in any method that attempts to measure LPIP: experimental
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induction of the oxidation in the model substrate and the experimental detection of the oxidation
extent, respectively.

2.1. On the Mechanism of Lipid Peroxidation

The mechanism of LPO has been extensively characterized [30–37], and a summary of different
aspects relevant to this review is provided below. Every LPO reaction can be generically described
as a three-step process (Figures 1 and 2): initiation, propagation, and termination. Initiation of LPO
refers to the moment when a given oxidative trigger contacts with the lipid molecule (LH, Figure 1)
and causes the loss of a hydrogen atom from a methylene group, thus creating a carbon radical lipid
(L•) [36]. Here, this part of the process is generically described as LH -> L• and is analyzed below, in
Section 2.2.
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Figure 1. Main molecules involved in the initiation and propagation of lipid peroxidation. LH: lipid
molecule; LOO•: lipid peroxyl radical; L•: lipid radical; LOOH: lipid hydroperoxide.



Antioxidants 2020, 9, 231 4 of 29

Antioxidants 2020, 9, x FOR PEER REVIEW  4 of 29 

 

Figure 2. Main molecules involved  in the termination of  lipid peroxidation. RH: proton‐donor; R●: 

radical. 

The created  lipid  radical  rapidly  reacts with available molecular oxygen  (O2)  to  form a  lipid 

peroxyl radical (LOO●, Figure 1), acquiring both atoms of oxygen at the carbon radical (L● + O2 ‐> 

LOO●). Before proceeding to an explanation of the remaining process, it is pertinent to note that, upon 

formation, the peroxyl radical suffers a rearrangement and becomes a conjugated diene. This is only 

not  true  if  the  lipid molecule  being  oxidized  is  a  saturated  fatty  acid  (extremely  unlikely)  or  a 

monounsaturated  fatty  acid  (MUFA)  (more  likely  than  saturated,  but  less  likely  than  others 

containing methylene groups  in between double bonds, namely PUFAs)  [38]. This  information  is 

relevant when discussing the methods to detect ongoing lipid peroxidation. 

This lipid peroxyl radical has now one of two main fates: propagation, in which it reacts with 

another lipid molecule containing a methylene group, abstracting a proton from this second molecule 

(LOO● + LH  ‐> LOOH + L●), thus becoming a  lipid hydroperoxide (LOOH) and generating a new 

lipid  radical  (and  the  cycle  restarts, which  can happen  indefinitely)  (Figure 1); or  termination,  in 

which  lipid  peroxyl  radicals  and  lipid  hydroperoxides  are  neutralized.  Termination  of  lipid 

peroxidation begins by neutralizing LOO●. In this sense, during the propagation phase, despite the 

generation of a new L● that will fuel more LPO, one of the reactive lipids is “terminated”. This process 

involves  other  reactions  of  LOO● molecules  not  resulting  in  the  oxidation  of  another  lipid,  as 

schematized in Figure 2 and listed below: 

(a) It receives a proton from a proton‐donor (RH) other than another lipid (LOO● + RH ‐> LOOH 

+  R●),  such  as  an  endogenous  antioxidant  (vitamin  A  or  vitamin  E),  thus  generating  a  lipid 

hydroperoxide  (LOOH)  and  another  radical  (R●), which may  be  less  reactive  and  have  its  own 

pathway of degradation  (in  case of  endogenous antioxidant  systems,  enzymatically or not,  these 

molecules can be restored without causing further damage); 

(b) It reacts with another lipid peroxyl radical to form a peroxide bridged dimmer (LOO● + LOO● 

‐> LOOL + O2); 

(c)  It undergoes peroxycyclization, which mediates  the decay of LOO●  into malondialdehyde 

(MDA) and 4‐hydroxynonenal (HNE), the best‐known LPO by‐products. 

Figure 2. Main molecules involved in the termination of lipid peroxidation. RH: proton-donor;
R•: radical.

The created lipid radical rapidly reacts with available molecular oxygen (O2) to form a lipid
peroxyl radical (LOO•, Figure 1), acquiring both atoms of oxygen at the carbon radical (L• + O2 ->
LOO•). Before proceeding to an explanation of the remaining process, it is pertinent to note that,
upon formation, the peroxyl radical suffers a rearrangement and becomes a conjugated diene. This is
only not true if the lipid molecule being oxidized is a saturated fatty acid (extremely unlikely) or a
monounsaturated fatty acid (MUFA) (more likely than saturated, but less likely than others containing
methylene groups in between double bonds, namely PUFAs) [38]. This information is relevant when
discussing the methods to detect ongoing lipid peroxidation.

This lipid peroxyl radical has now one of two main fates: propagation, in which it reacts with
another lipid molecule containing a methylene group, abstracting a proton from this second molecule
(LOO• + LH -> LOOH + L•), thus becoming a lipid hydroperoxide (LOOH) and generating a new
lipid radical (and the cycle restarts, which can happen indefinitely) (Figure 1); or termination, in which
lipid peroxyl radicals and lipid hydroperoxides are neutralized. Termination of lipid peroxidation
begins by neutralizing LOO•. In this sense, during the propagation phase, despite the generation of a
new L• that will fuel more LPO, one of the reactive lipids is “terminated”. This process involves other
reactions of LOO• molecules not resulting in the oxidation of another lipid, as schematized in Figure 2
and listed below:

(a) It receives a proton from a proton-donor (RH) other than another lipid (LOO• + RH -> LOOH
+ R•), such as an endogenous antioxidant (vitamin A or vitamin E), thus generating a lipid
hydroperoxide (LOOH) and another radical (R•), which may be less reactive and have its own
pathway of degradation (in case of endogenous antioxidant systems, enzymatically or not, these
molecules can be restored without causing further damage);

(b) It reacts with another lipid peroxyl radical to form a peroxide bridged dimmer (LOO• + LOO• ->
LOOL + O2);

(c) It undergoes peroxycyclization, which mediates the decay of LOO• into malondialdehyde (MDA)
and 4-hydroxynonenal (HNE), the best-known LPO by-products.
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Either from propagation or from termination by an antioxidant system, LOOH generated also
represents an issue, as it is still an unstable molecule that readily reacts as follows:

(a) One LOOH reacts with one L• to form a lipid dimer (LOOH + L• -> LL) and hydroperoxyl
radicals (HO2

•) are released;
(b) One LOOH decays into a lipid alkoxyl radical (LO•), and hydroxyl radicals (•OH) are released;

lipid alkoxyl radicals (LO•) can undergo β-scission, originating smaller radicals (such as pentane•

and ethane•) and HNE.

Noticeably, LOO• and LOOH (created by an oxidative trigger) not only behave like oxidants,
reacting with intact lipids and with each other, but also regenerate free radicals when they finally
become stabilized (which further amplifies oxidative damages). Furthermore, if dimmers are not
formed, and stabilization occurs instead via fragmentation of the lipid chain, several small toxic
metabolites (aldehydes, ketones, and carboxylic acids, among others) are formed. Two of the most
important ones are MDA and HNE, which present negative impacts in both organism fitness and
product quality and safety, by causing additional damages to biomolecules (proteins and DNA) and
the off-flavors associated to edible fats rancidification [14,15,36,37,39].

2.2. On the Initiators of Lipid Peroxidation

As with most oxidative processes, LPO is known to be caused by exposure to oxygen (because of
ROS formation) and ROS formed by other chemical pathways, light, or high temperatures [31]. In this
section, the detailed pathways through which each of these triggers actually induces LPO are described,
in order to identify the potential targets of antioxidant systems. All the mechanisms described below
can be found schematized in Figure 3.
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Figure 3. Schematic representation of lipid peroxidation initiators, according to their main features:
ROS-mediated vs. ROS-independent mechanisms. PS—photosensitizer; oxTM—oxidized transition
metal (Fe3+ or Cu2+). (a) Production of ROS (Superoxide Anion Radical, •O2–) by Iron (II) Fe2+ and
Copper (I) Cu+; (b) Production of ROS (•O2

–) by Light and Atmospheric Oxygen; (c) Production of
ROS by Aerobic Metabolism; (d) Production of ROS (•OH) by Fenton Reaction (Reduced Metals and
H2O2 Reaction); (e) Production of ROS (•OH) by Light and Hydrogen Peroxide; (f) Direct Oxidation by
Light and a Photosensitizer (PS); (g) Direct oxidation by Iron(III) Fe3+ and Copper(II) Cu2+.
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Indeed, exposure to ROS is the most prevalent mechanism of LPO. ROS can be generated from
atmospheric oxygen in the presence of transition metals [40] (Figure 3a and Section 2.2.1) or hydrated
electrons [41] (Figure 3b and Section 2.2.2). More complex enzymatic pathways related to aerobic
metabolism also generate ROS [42] (Figure 3c and Section 2.2.3), as well as Reactive Nitrogen Species
(RNS), under special circumstances, who have also been shown to cause LPO [43,44]. In addition,
hydrogen peroxide (which naturally occurs in the atmosphere and in organic matrices) is unstable and
a continuous source of ROS in the presence of transition metals [40] (Figure 3d and Section 2.2.4) or
light [45] (Figure 3e and Section 2.2.5). Photo-oxidation of lipids is another form of LPO, and it is always
mediated by a photosensitizer (a molecule that receives a photon and excites other molecules), which
can then promote lipid radicalization directly or via singlet oxygen [31] (Figure 3f and Section 2.2.6).
Transition metals, besides contributing to the generation of ROS, can react directly with lipids, leading
to hydrogen abstraction and initiation of the LPO reactions [46] (Figure 3g and Section 2.2.7). Generally,
the role of temperature in LPO is the acceleration of the reactions that create the lipid radicals.

2.2.1. Production of ROS (Superoxide Anion Radical, •O2–) by Iron (II) Fe2+ and Copper (I) Cu+ (a)

Transition metals, like iron and copper, in their reduced states (such as Fe2+ and Cu+), can be
oxidized by atmospheric triplet oxygen, to form superoxide anion radicals and Fe3+/Cu2+ [40]. Despite
the fact that copper is more reactive (higher reducing potential), it is much less abundant than iron in
organic matrices, in general [47]. Superoxide anion radicals have low reduction potential and cannot
initiate LPO, but they can be converted to hydroperoxyl radicals under low pH, and hydroperoxyl
radicals are strong oxidizers that are capable of initiating LPO [30,31,33,41]. Furthermore, Iron (III)
and Copper (II) can further amplify LPO by the direct oxidation by Iron (III) Fe3+ and Copper (II) Cu2+

(Figure 3g). In Section 2.2.8, a feature common to all transition-metal-mediated LPO is highlighted.

2.2.2. Production of ROS (•O2
–) by Light and Atmospheric Oxygen (b)

Light irradiation onto an organic, wet matrix can generate hydrated electrons, i.e., electrons
that are solvated and available to react. These electrons can reduce atmospheric oxygen, generating
superoxide anion radicals [41]. This mechanism has been shown to be of great relevance both in
health [48] and in food quality [49].

2.2.3. Production of ROS by Aerobic Metabolism (c)

Cellular respiration involves the oxidation of organic compounds so that an electron can be
abstracted from these molecules and transported in a chain (the electron transport chain, ETC),
until being accepted by oxygen, which is converted to water [42]. Sometimes electrons leak from
the ETC before reaching the end, causing oxygen molecules to ionize (generating superoxide anion
radicals) [50]. In living cells, this ROS is mitigated by Superoxide Dismutase (SOD), which converts it
to H2O2. Then, catalase neutralizes H2O2 into oxygen and water. However, during their existence, both
superoxide anion radical and hydrogen peroxide might induce oxidative damages (via the remaining
mechanisms described).
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2.2.4. Production of ROS (•OH) by Fenton Reaction (Reduced Metals and H2O2 Reaction) (d)

Fenton reactions are a well-known set of reactions in which ROS are generated by the reduction of
H2O2 to a hydroxide anion (OH−) and a hydroxyl radical (•OH) through the oxidation of transition
metals [51]. Additionally, Iron (III) and Copper (II) can further amplify LPO by the direct oxidation by
Iron (III) Fe3+ and Copper (II) Cu2+ (Figure 3g).

2.2.5. Production of ROS (•OH) by Light and Hydrogen Peroxide (e)

Hydrogen peroxide itself is not a very strong oxidizer. However, as it is an unstable molecule,
it can decay into different ROS by different mechanisms. Further, this molecule exists in biological
systems as a product of ROS detoxification and is present in the atmosphere [31]. Upon irradiation
with UV light, H2O2 is converted into two hydroxyl radicals.

2.2.6. Direct Oxidation by Light and a Photosensitizer (PS) (f)

Molecules that absorb light are capable of transferring the photon’s energy to other molecules
(photosensitizers) and can initiate LPO if light excites them under low-oxygen-concentration conditions.
In these cases, if enough energy was transferred to the photosensitizer (chlorophylls and hemoglobin,
among others), hydrogen abstraction occurs from lipids directly [52]. If, however, oxygen is abundant,
then it is the most likely receiver of the energy contained in the photosensitized molecule, generating
singlet oxygen from triplet oxygen. This form of excited oxygen has been shown to initiate LPO by
directly interacting with double bonds in lipids [52], creating unique peroxidation lipid by-products.

2.2.7. Direct Oxidation by Iron(III) Fe3+ and Copper(II) Cu2+ (g)

The more oxidized forms of iron and copper (trivalent and divalent cations, respectively) have a
sufficiently high reduction potential to cause a proton to abstract from a methylene group [46], stealing
an electron (being reduced into Fe2+ or Cu+), and leaving a lipid radical as result.

2.2.8. Oxidative Triggers Cyclic Regeneration

It is noteworthy that the product of two of the mechanisms here described (a and d) is the reagent
in mechanism g, and the product in mechanism g is the reagent in mechanisms a and d. This leads to an
amplification of LPO by means of a redox cycle that constantly regenerates oxidative triggers, and such
regeneration is in itself an LPO inducing reaction (Figure 4). This recycling of transition-metal-induced
LPO initiation potential is further augmented by other parallel, yet very much possible reactions,
in a biologic or nonliving organic matrix: (i) the reactions of Fe3+ or Cu2+ with certain antioxidant
compounds (which become pro-oxidants in this case), such as ascorbic acid [31,53–55]; and (ii) the
reactions of iron and copper cations (whether in their more reduced or oxidized forms) with lipid
peroxide, yielding lipid alkoxyl- or peroxyl-radicals [46,56] (Figure 4).
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2.3. On the Quantification of Lipid Peroxidation

Several methods to assess LPO have been used by researchers and clinicians, and have been
extensively reviewed elsewhere [30,39]. Along the process, the physicochemical changes associated
with undergoing and/or terminated LPO can be used by researchers to measure the extent of the
process. As seen above, oxygen is consumed during LPO, and oxygen consumption rate has been used
as a measure of LPO [57,58]. Evidently, this method detects LPO indirectly and is a weak proxy for
the process, as oxygen consumption by other oxidative processes, by respiration of biological nature,
solubility changes, and others, may influence the results. As discussed in the previous sections, upon
undergoing oxidation, the originally present lipid (LH) suffers several structural changes leading to
different forms, including L•, LOO•, LOOH, and LO•, as well as lipid adducts, such as LOOL, LL,
or LR, being R any of a series of biomolecules, including DNA and proteins. Each of these products
has been used to monitor lipid peroxidation [39,59]. However, these species are either short-lived
or not guaranteed to occur, depending on the matrix and oxidative conditions. Besides, Liquid
Chromatography coupled to Mass Spectrometry (LC-MS) techniques used to quantify these products
are expensive and time-consuming, and so are immune-based assays or High Performance Liquid
Chromatography coupled to chemiluminescence (HPLC-CL) based ones. The spectrophotometric
detection of conjugated dienes, however, has been shown to be a rapid, low-cost method to monitor
LPO, especially if used to analyze samples undergoing LPO along time [60]. Upon oxidative stress, and
having set the baseline absorbance at 234 nm, the change (increment) of absorbance at this wavelength
is directly proportional to the formation of lipid peroxyl radicals.

Another approach to LPO quantification is the use of secondary end-products as indicators of
the extent of the reaction. Some methods have been described for the detection of pentane, ethane,
or HNE; however, their relevance is essentially in a clinical context, for analysis of human-derived
samples [39,59,61,62]. Regardless, and by far, LPO has been mainly quantified by the amount of MDA



Antioxidants 2020, 9, 231 9 of 29

in the samples. This is because an easy, low-cost methodology for the spectrophotometric detection of
MDA exists: the measurement of thiobarbituric acid reactive species (TBARS) formation upon reaction
with TBA [59,63,64]. MDA forms adducts with TBA that strongly absorb light at 532 nm. This reaction
has been exhaustively used in the literature to quantify MDA, assuming it to be an indicator of LPO. As
with most spectrophotometric methods, however, TBARS assay has been shown to be unspecific [65],
given its potential to generate false positives (by TBA reacting with aldehydes other than MDA). Other
methods have been suggested to quantify MDA (such as isolation and quantification by HPLC prior to
reaction with TBA), but they are evidently not as practical, and TBARS remains the gold standard of
MDA quantification (and, therefore, of LPO quantification). However, as with most indirect methods
(that use secondary end-products as estimators of a given reaction), MDA quantification in itself has
been shown to be an unreliable measure of LPO, since MDA is a product of reactions other than
LPO [66] and is also very reactive: Depending on the composition of the matrix and conditions of the
sample, it will be consumed in the chemical reaction [67]. Nonetheless, TBARS has been one of the
most used methods to address the development of LPO in the in vitro models reviewed below.

For in vitro systems where no chemical oxidizing agent is added, but LPO occurs through different
pathways, lipid peroxides thus formed become the main oxidizing compounds in the medium, and LPO
can be quantified by using a reagent prone to be oxidized by lipid peroxides (amount of reagent lost can
be converted in amount of lipid peroxides). This is the case of the thiocyanate method [68], which has
been used to track LPO in lipid-solution-based LPIP assays (as described in the next section) [69–78].
Given the lack of an oxidizing trigger in these assays, the capacity of the medium to oxidize iron (II) to
iron (III) is directly proportional to the concentration of lipid peroxides. Importantly, one should note
that quantifying the lipid peroxides of a sample is a measure of LPO that will decay along time, as lipid
peroxides degrade into smaller molecules; thus, it is a measure of “early lipid peroxidation”. In the
thiocyanate method, ferrous ions are oxidized into ferric ions, which in turn form a colored complex
with thiocyanate (ferric thiocyanate), with maximum absorbance at 485 nm [68–70,75–77].

Another “early lipid peroxidation” measure that can be obtained in real time is the
chemiluminescence associated to LPO, i.e., the emission of photons by chemical species that are
present when LPO is occurring. Different types of photons can be emitted as a consequence of
LPO, and used to track this reaction [79], depending on the source molecule. However, the most
used chemiluminescent methods for LPO detection, relevant in the field of LPIP assays, are the
detection of lipid hydroperoxides by HPLC-CL [80–82] and the detection of tert-butyl hydroperoxide
(t-BOOH)-initiated chemiluminescence [83–86]. In the case of lipid hydroperoxide detection by
HPLC-CL, eluted lipid hydroperoxides are mixed with a chemiluminescence initiator reagent
(such as cytochrome c—luminol mixtures, or microperoxidase–iso-luminol mixtures) [80,81] and
a chemiluminescence detector is used to quantify photon emission. For t-BOOH initiated CL, t-BOOH
is added to the lipid substrate as a radical generator [83–86], which, in turn, produces lipid peroxyl and
alkoxyl radicals responsible for the excitation of triplet oxygen into singlet oxygen and the generation
of excited state carbonyl small molecules, both responsible for emissions of photons [79].

3. In Vitro Quantification of Natural Products Lipid Peroxidation Inhibitory Potential

LPO quantification has been extensively used in research and can be achieved by a variety of
methodologies. However, it has found its main application in the field of physiology and toxicology,
as a biomarker of oxidative stress, in which cases samples are obtained from biological systems,
adequately conserved to stop peroxidation, and submitted to such quantification to determine the level
of LPO at the endpoint of the corresponding experimental design. In these cases, LPO occurs under
in vivo conditions, where lipid substrate, oxidative triggers, and endogenous antioxidant systems are
all being actively regulated by metabolic processes. In addition, in the field of product quality and
safety control, lipid-rich matrices that have been under optimal conditions of packaging and storage
are assayed for LPO as a routine parameter indicative of degradation. Under these circumstances, the
only methodological considerations rely upon the choice of the method used in the quantification
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of LPO (as discussed in Section 2) and the adequate correlation of its results with meaningful lipid
peroxidation measures.

The quantification of LPO inhibition can be seen as a subtype of the assay previously described.
An in vivo system (or final product formulation) subjected to natural or artificially created oxidative
stress, with and without the candidate NPs, for a given time, under a set of defined environmental
conditions, is the ideal model to test the LPIP of such NPs. Thus, for example, upon attempting to
discover a NP with LPIP for inclusion in a functional food, to reduce LPO in the tissues of the consumer,
trials with humans fed with the ingredient-containing formula versus a control group (fed with the
non-modified formula) would be the ideal experimental design. In addition, for application as a
preservative additive in LPO-prone food matrices, the best assay to determine the LPIP of a given NP
would be to have the food product (with and without such NP as an ingredient) exposed to regular or
accelerated shelf-life trials and compare the LPO levels at the relevant endpoints.

However, in the field of NPs biodiscovery, the high number of experimental conditions (different
biomass sources, biomass processing conditions, extraction conditions, extract fractionation, extract,
and/or molecule application, and the different variables required to characterize the antioxidant activity,
namely the time-course and dose-dependent response of substrates to oxidative degradation) make
such type of experimental designs unfeasible. Here, like in many other fields of bioprospecting, the
concept of screening assays (assays where there has been simplification and miniaturization of the
procedure, maintaining as much representativeness of real-scale phenomena as possible) becomes
of uttermost importance. Only using such platforms can high-throughput analysis of hundreds of
candidates be performed, which is important given the relatively low rate of successful hits.

All in vitro systems to study lipid peroxidation consist of a lipid substrate dispersed in a liquid
media, to which an oxidizing agent is added. Then, a measure of LPO extent is obtained after
a certain incubation period. Some of these steps have important nuances: Is the addition of the
oxidizer a trigger of LPO that is responsible only for the initiation process? Or does its presence in the
reactional media represent a constant source of radicals, contributing to the lipid damage throughout
the entire incubation period? Can LPO be measured without disturbing the system, allowing easy
time-dependence study, or does it require sampling and stopping the reaction proceeding to LPO
measurement? Finally, appropriate treatment of experimental data to calculate meaningful values
of inhibition, rates, and other indices needs to be performed. These are the subjects discussed in
the following sections, which are divided based on the substrate used. The common basis of all the
substrates is the content in PUFAs (free or esterified) and sterols, which are the two lipid types more
prone to peroxidation. Furthermore, because lipids in organisms are integrated in a water-based
environment, in the form of supramolecular arrangements, such as lipid bilayer membranes, it is
natural that most methods of in vitro LPO simulation use micellar systems to co-expose the lipids
and the oxidative stress. Even in nonliving organic matrices, like foods, feeds, and cosmetics, water
is abundant and lipids are stabilized by other organic compounds, maintaining them dispersed,
in solution.
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3.1. Rat Liver/Brain-Based Assays

Based on the LPO in vitro model being used at the time for physiological studies on LPO (see the
works of Wills et al. [87,88] and the works of Kornbrust et al. [89,90]), many studies looking for the
LPIP of molecules or extracts started by using rat liver microsomes as substrate. Building upon the use
of rat liver and rat brain as reference tissues to produce this type of lipid-rich micellar systems, most
studies now perform the LPO assays by using the whole tissue homogenates as substrate/reactional
medium. Some of the first works of LPIP determination of NPs using rat liver/brain homogenates
and derivatives can be found in the literature and are herein suggested [83–86,91–97]. Noteworthy,
to these days, works using rat liver/brain-based assays still reference these older articles and follow
their methodologies for the preparation of the substrate. Interestingly, a tendency shift from the use
of microsomes to the use of whole tissue homogenates has been found, as well as a tendency shift
from liver to brain tissue usage, partly justified by an increased interest in neuroprotection against
oxidative stress.

Preparation of rat liver or brain homogenates, as well as fractions of these (mitochondria and
microsomes), follows a general procedure in all the works. Briefly, lab-grown rats are sacrificed, and
their livers and brains are excised. Mechanical homogenization is then performed, typically in a
biological buffer, and a low-speed centrifugation is used to discard insoluble solids. The supernatant
is a solution containing the soluble compounds of the tissues, as well as small particles, such as
mitochondria and microsomes. This solution is often used as-is in the LPIP assays. However, further
isolation of especially LPO-related fractions of this solution (the mitochondria, due to increased ROS
concentration, and the microsomes, due to elevated lipid and redox enzymes contents) can be obtained
by differential centrifugation. Usual buffer compositions used in the homogenization of rat tissues, as
well as centrifugation conditions for the isolation of fractions, are summarized in Table 1.
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Table 1. Homogenization solutions, biomass-to-solvent percentages, and centrifugation conditions in the preparation of rat-derived substrates used in
in vitro LPO models. Unless stated otherwise, the supernatant obtained in the differential centrifugation is the substrate used; ns—not stated; HEPES:
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.

Homogenization Solution Biomass (% w/v) Differential Centrifugation Ref.

Rat liver homogenate

Tris-HCl buffer (40 mM, pH 7.4) 25 ns [94]

Phosphate buffer (50 mM, pH 7.4) with KCl 120 mM 10 700× g/10 min [83–86]

Tris-HCl buffer (100 mM, pH 7.4) 10 1400× g/10 min [98]

Phosphate buffer (50 mM, pH 7.4) 20 800× g/15 min [99]

Phosphate buffer (100 mM, pH 7.4) with KCl 150 mM 10 800× g/15 min [100]

HEPES buffer (100 mM, pH 7.2) with KCl 125 mM 25 400 rpm/15 min [101]

Tris-HCl buffer (10 mM, pH 7.4) 10 3600× g/10 min [102]

Rat brain homogenate

Phosphate buffer (50 mM, pH 7.4) 20 800× g/15 min [99]

Tris-HCl (10 mM, pH 7.4) 10 3000× g/10 min [103]

Tris-HCl (10 mM, pH 7.4) 10 4000× g/10 min [104]

Tris-HCl (100 mM, pH 7.4) 10 1400× g/10 min [98]

KCl 1.15% (w/v) with Triton X-100 0.1% (w/v) 10 5000× g/25 min [105]

Phosphate buffer (50 mM, pH 7.4) 10 10,000× g/20 min [106]

Tris-HCl (10 mM, pH 7.4) 20 3600× g/10 min [102]

Saline solution 10 3000× g/10 min [107]

Phosphate buffer (10 mM, pH 7.4) 14 10,000× g/10 min [108]

Rat liver mitochondria

Tris-KCl (-) 10 2160 rpm/15 min—discard pellet
8600 rpm /15 min—pellet used [97]

HEPES buffer (10 mM, pH 7.4) w/ Sucrose 25 mM and
Protease Inhibitor Cocktail, 0.5% (v/v) ns 1000× g/30 min—discard pellet

10,000× g/20 min—pellet used [109]

Rat liver microsomes

Tris-malate buffer (5 mM, pH 7.4) with KCl 1.15% (w/v) ns 15,000× g/15 min—discard pellet
100,000× g/1 h—pellet used [93,95]

Tris-HCl (50 mM, pH 7.4) with KCl 150 mM ns 10,000× g/20 min—discard pellet
100,000× g/1 h—pellet used [96]

HEPES buffer (10 mM, pH 7.4) w/Sucrose, 25 mM and
Protease Inhibitor Cocktail, 0.5% (v/v) ns

1000× g/30 min—discard pellet
10,000× g/20 min—discard pellet
100,000× g/30 min—pellet used

[109]
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One of the possible arguments for using these substrates is the fact that they contain a high
amount of lipids from the biological membranes, while containing the other key players in the
oxidative phenomena that occur in cells, such as the enzymes and metal ions, in concentrations that
are comparable to those in vivo. Thus, the system provides a complete reactional media in which
LPO would occur at conditions similar to those found in the corresponding living system. However,
because this method for LPIP determination was built using the methodology followed by researchers
that were testing the effect of different oxidizers in LPO, nowadays different approaches to induce
oxidation in this system can be found. Some of these approaches make more sense than others, from
the biochemical point of view, but ultimately the goal is to be able to create an increase in measurable
LPO in order to compare controls and samples containing the candidate NPs. Table 2 summarizes the
conditions for LPIP determination used in selected works performed with these rat-derived substrates.

As can be seen (Table 2), different approaches have been developed deriving from the use of rat
liver or brain homogenates and derivatives, such as microsomes. Differences between oxidation triggers
greatly influence the results found, as different initiation mechanisms might be occurring, thus detecting
LPIP from different mechanisms of antioxidant action. Moreover, differences in the oxidation triggers
result in incubation times and concentration ranges for the reagents that require optimization to result in
measurable and useful LPO values (above limit of detection and below plateau at maximum oxidation).
Additionally, the use of homogenates and supramolecular arrangements, such as microsomes, leads to
increased turbidity, which might create difficulties in regard to spectrophotometric readings.

Overall, studies in Table 2 demonstrate the variety of methods to induce oxidation that have been
used; considering the fact that lipid peroxidation is a propagative reaction, it seems odd that most
studies reviewed choose to use metal-catalyzed oxidation systems as triggers, which self-regenerate
(actually, ascorbic acid has been purposefully added in some cases, contributing to a cycling of oxidation
states of these metals). This may represent a problem, since after initiation, two rates of formation of
lipid peroxidation products will co-occur and will vary differently in time, resulting in a nonlinear,
multifactorial response. Concerning this choice of trigger, two important notes must be added to
this discussion: (a) that different combinations of transition metals in different oxidation states, with
different forms of redox catalyzing agents in different states of protonation (such as ascorbic acid,
ascorbate and dehydroascorbate), sometimes with the addition of H2O2, have been used, each of them
initiating LPO by a different mechanism (see previous chapter), being very difficult to compare; and (b)
that some of these systems work by producing ROS (those based on higher concentrations of reduced
metals, Fe2+ and Cu+, with or without H2O2), while others may induce peroxidation without ROS as
intermediates (those with higher concentrations of oxidized metals, Fe3+ and Cu2+), and therefore the
determined LPIP will be highly influenced, for example, by the capacity of the NP to scavenge ROS or
to chelate metal ions, respectively—due to neutralization of the initiator.

Furthermore, the prevalence of studies basing their LPIP evaluation at a certain time-point
measurement of TBARS might constitute a potential problem, since a reproducible LPIP value is only
possible to obtain in a certain temporal window of the kinetics of LPO with and without antioxidant: at
the beginning of a plateau in LPO by-products in the control reaction. By skipping the characterization
of a time-dependent curve of MDA formation, these studies might be measuring LPO too soon (both
control and treatment samples have low values, because lipid peroxides have not yet been cleaved,
resulting in the underestimation of LPIP) or too late (both treatment and control samples have reached
the maximum LPO, determined by substrate concentration, given the propagation reactions and the
aerobic conditions; eventually, every lipid will be oxidized, and inhibition cannot be measured).

Lipid peroxidation initiated by t-butanol hydroperoxide (t-BOOH) may provide a more
reproducible protocol to determine an NP’s LPIP, despite overlooking the LPIP indirect component.
The addition of a finite concentration of t-BOOH to a lipid substrate will serve as a reproducible initiator,
which will not be regenerated, and therefore a clear initiation rate (transference of the peroxide from
butanol to the lipid) and propagation rate can be calculated; these rates can then be used to determine
different parameters of LPIP (kinetics-related). The studies reviewed dealing with t-BOOH-initiated
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LPO detected the reaction by using chemiluminescence, which is a rather specific method, but requires
equipment that is not very common in most labs.

Despite the wide use of this substrate, resulting in an abundance of results from its application, it
presents several disadvantages concerning the development of a fast, easy screening protocol for novel
antioxidant discovery: First, its preparation is laborious, cost-intensive, and ethically controversial (it
requires controlled-conditions-grown animals, sacrifice, tissue homogenization, and eventually a series
of laborious centrifugation steps); second, the variability between batches concerning its natural content
in antioxidant enzymes, antioxidant organic compounds, pro-oxidant enzymes, pro-oxidant organic
compounds, and different oxidation state metal ions represents a source of variability concerning
initiation, incubation, and detection protocols, thus requiring optimization or dose- and time-dependent
studies; third, the presence of biological molecules such as proteins leads to a constant loss of MDA and
other small LPO by-products to secondary reactions, worsening the problem of reliability in detection
methods, such as TBARS.

Upon reviewing the efficacy of the substrates that are covered below, it becomes apparent that
using microsomes and tissue homogenates as substrate in an in vitro LPO model to test antioxidants is
particularly useful in the case of screening for LPO inhibitors via inhibition of enzyme-mediated LPO,
while the screening of NPs with good LPIP regardless of the mechanism is probably better performed
by using less complex, more batch-independent (thus, reproducible) matrices.
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Table 2. Overview of assay conditions used in models with rat-derivatives as substrate. Unless otherwise stated, TBARS were measured at the mentioned endpoints.
NP—natural product; ns—not stated; AscH2—ascorbic acid; SNP—sodium nitroprusside; AscH–—ascorbate anion; G6P—glucose-6-phosphate; G6Pdhase—G6P
dehydrogenase; ADP: adenosine diphosphate; t-BOOH: tert-butylhydroperoxide; NADPH: reduced nicotinamide adenine dinucleotide phosphate; DMSO: dimethyl
sulfoxide; TBARS: thiobarbituric acid Reactive Species.

Substrate Oxidative Trigger
Concentration NP Inclusion Incubation-Detection System Ref.

Type Concentration Type

Rat liver homogenate

5% (w/v) Fe2+/AscH2 0.16 mM/0.06 mM ns TBARS (1 h at 37 ◦C) [94]

3.3% (w/v) Fe3+/ADP/AscH2 0.1 mM/1.7 mM/0.5 mM ns TBARS (1 h at 37 ◦C) [94]

10 mg protein/mL none (O2) ns Dissolved in water or DMSO TBARS (15 min at 37 ◦C) [83–86]

0.5 mg protein/mL t-BOOH 3 mM Dissolved in water or DMSO Chemiluminescence measured
online over time, at 30 ◦C [83–86]

3.3% (w/v) Fe2+/SNP ns ns TBARS (1 h at 37 ◦C) [98]

2.5% (w/v) Fe3+ 10 µM 5% (v/v), dissolved in DMSO TBARS (30 min at 37 ◦C) [100]

ns Fe3+/citrate/AscH− ns ns TBARS (ns) [101]

ns Fe2+ 10 µM ns TBARS (1 h at 37 ◦C) [102]

Rat liver
mitochondria

1 mg protein/mL Fe2+/AscH2 10 mM/200 mM ns TBARS (20 min at 37 ◦C) [97]

0.87% (w/v) Fe2+/AscH2 1.3 mM/4.3 µM ns TBARS (1 h at 37 ◦C) [109]

Rat liver microsomes

0.2 mg protein/mL Fe2+/AscH2/ADP 1.2 µM/5 µM/0.4 mM 0.1% (v/v) dissolved in ethanol HPLC-TBARS along time, 30 ◦C [110]

0.2 mg protein/mL Fe2+/NADPH 5 nM/60 µM 4% (v/v) dissolved in water TBARS (30 min at 37 ◦C) [95]

0.25 mg protein/mL (post heat-inactivation)
Fe3+/AscH−/ADP 1 µM/50 µM/40 µM ns TBARS (15 min at 37 ◦C) [93]

0.25 mg protein/mL NADP/G6P/G6Pdhase 0.2 mM/3 mM/1 U ns TBARS (15 min at 37 ◦C) [93]

0.25 mg protein/mL Fe2+/AscH– 2.5 µM/0.5 mM 5% (v/v) dissolved in DMSO TBARS (30 min at 37 ◦C) [96]

Rat brain homogenate

ns Fe2+ 10 µM ns TBARS (1 h at 37 ◦C) [102]

3.3% (w/v) Fe2+/SNP ns ns TBARS (1 h at 37 ◦C) [98]

15% (w/v) Fe2+ 0.4 mM ns TBARS (45 min at 37 ◦C) [108]

ns SNP 7 mM ns TBARS (1 h at 37 ◦C) [107]

0.9% (w/v) Fe3+/H2O2 0.3 mM/60 µM 8.6% (v/v) dissolved in acetone TBARS (1 h at 37 ◦C) [105]

3.1% (w/v) Fe3+/H2O2 12.5 µM/3.1 µM ns TBARS (30 min at 37 ◦C) [106]

10% (w/v) SNP 5 µM ns TBARS (1 h at 37 ◦C) [104]

10% (w/v) Fe2+ 10 µM ns TBARS (1 h at 37 ◦C) [104]

10% (w/v) Quinolinic acid 1 mM ns TBARS (1 h at 37 ◦C) [103]

10% (w/v) SNP 5 µM ns TBARS (1 h at 37 ◦C) [103]

10% (w/v) none (O2) ns 50% (v/v) dissolved in water TBARS (40 min at 37 ◦C) [111]
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3.2. Low-Density Lipoprotein-Based Assays
A low-density lipoprotein (LDL) is a complex of peptidic and lipophilic compounds that occurs in

blood from different animal species, and its function is to transport lipids across the body [112]. One of
the reasons LDL particles have been used in developing in vitro lipid systems to test peroxidation is
exactly the fact that these particles successfully solubilize fats in aqueous media, which is the main
reason for their chemical configuration in vivo. Another reason for an augmented interest in using
LDL-based assays of lipid peroxidation is the fact that, in vivo LDL, particles’ peroxidation is of extreme
biological relevance [112]. Oxidative damage to LDL has been correlated with several pathologies, and
testing antioxidants directly in LDL, even though in vitro, may provide a more meaningful insight
on the potential of NPs to promote in vivo LDL protection. LDL particles used in LPIP assays herein
reviewed (Table 3) were isolated from human blood samples, with the exception of one study that
used rat blood instead [113].

The procedure of LDL recovery was very similar between works: Human blood is collected from
normolipidemic, healthy, fasting volunteers and centrifuged to isolate plasma. Plasma thus collected,
or commercially obtained, is then subjected to widely validated ultracentrifugation methodologies,
commonly used in the fractionation of blood lipoproteins. Because the goal of these LDL particles is to
be used in oxidation assays, dialysis of the LDL fraction obtained by centrifugation has been frequently
performed [114–119], to eliminate metal ions and other contaminating pro-oxidants. For storage
purposes, it has been common to solubilize the LDL particles in a buffer containing EDTA [116,117,120],
and sometimes an additional antioxidant protection (e.g., BHT) [60]. Thus, before the oxidation assay,
repeating dialysis may be necessary to remove these protectors and re-obtain LDL particles susceptible
to the oxidative trigger used [116]. Resuspension of LDL particles for the assay is usually performed in
either saline solution or PBS (pH 7.4) that is often subjected to oxygenation [60,121,122].

An overview of oxidative triggers’ nature and concentration can be found in Table 3, along with
substrate concentration and detection and incubation approaches. The LDL-based systems used to
determine LPIP have been essentially based on the oxidation of LDL by transition metals, namely
copper (II), in the presence of oxygen. Similar to what happens in the protocols using rat liver and
brain derivatives, to the best of knowledge, the reason to choose this self-regenerating system is
unclear. However, the protocol seems to be better established and more homogeneous when using LDL
substrate. Besides, several of these studies have performed time-dependent curves of LPO for different
concentrations of substrate and copper (II), as measured by conjugated dienes concentration estimated
from absorbance at 234 nm, which provides a solid literature basis to define endpoints, timescales, and
concentration ranges to work with.

Table 3. Overview of assay conditions used in models with low-density lipoprotein as substrate;
ns—not stated; CD—conjugated dienes.

Oxidation Trigger
LDL Concentration Incubation and Detection Ref.

Type Concentration

Cu2+

1.66 µM 0.25 mg/mL CD, TBARS and iodometry along time
(Room Temperature) [60]

10 µM 50 µg protein/mL CD along time (37 ◦C); TBARS (2 h at 37 ◦C) [118]

3 µM 100 µg protein/mL TBARS and electrophoretic mobility after 6
and 24 h at 37 ◦C [117]

5 µM 0.3 mM cholesterol CD along time; TBARS and electrophoretic
mobility after 4 and 24 h at 37 ◦C [123]

ns 0.08 mg cholesterol/mL CD along time at 30 ◦C [122]

ns 1 mg protein/mL TBARS after overnight at 37 ◦C [124]

1 mM 150 ug/mL CD along time at 37 ◦C [120]

20 mM 150 ug/mL TBARS after 3 h at 37 ◦C [120]

5 µM 100 µg protein/mL TBARS after 90 min at 37 ◦C [116]

5 µM 0.1 uM CD along time at 37 ◦C [121]

0.1 mM 200 µg protein/mL CD along time at 37 ◦C [125]
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Table 3. Cont.

Oxidation Trigger
LDL Concentration Incubation and Detection Ref.

Type Concentration

Cu2+/H2O2 40 µM/80 µM 3.15 mg protein/mL Electrophoretic mobility after 3 h at 37 ◦C [105]

AAPH
4 mM 0.3 mM cholesterol CD along time; TBARS and electrophoretic

mobility after 4 and 24 h at 37 ◦C [123]

5 mM 200 µg protein/mL Cholesteryl esters hydroperoxides
quantification by HPLC-UV along time at 37 ◦C [115]

LDL oxidation for the purpose of in vitro determination of LPIP has also been performed by
using an organic radical generator—2,2′-azobis (2-amidinopropane) dihydrochloride (AAPH)—as
initiator, which is a much more controllable, reproducible manner of inducing oxidation than
transition metals [115,123]. In addition, these authors performed the studies by using reliable detection
methodologies along time, allowing further method development works to build on this knowledge.
The increased simplicity of the reactional medium thus obtained may facilitate miniaturization and
increased throughput of LPIP assays to be developed.

Because LDL particles have three-dimensionally packed lipids and proteins—which is why they
are soluble—different lipophilicity of the NPs being tested may affect the results of LPIP via different
concentrations of each component of the NP in the microenvironment of the lipids. For this reason, we
believe further studies should determine whether a preincubation of the substrate and sample, before
adding the initiator, is beneficial to promote the equilibrium of partition of the compounds between
the solvent and LDL particles.

3.3. Lipid Solutions Based Assays

3.3.1. Linoleic Acid Micelles and Emulsions and β-Carotene Bleaching Assay

Pure linoleic acid dispersed in an aqueous media is probably the simplest substrate that can be
used for LPIP in vitro determination. However, because solubility of linoleic acid in water is low, the
substrate preparation should be carefully considered when using this system. Despite being the same
molecule, systems of linoleic acid below its critical micellar concentration (CMC), above the CMC, and
in the presence of surfactants (generating an emulsion) will fundamentally result in different assays.
This is because the distribution and efficacy of different lipophilicity NPs will be affected by the state
of solvation of the substrate. For example, in an emulsion, the oil-phase may become enriched in
more lipophilic molecules, such as carotenoids, while phenolic compounds may remain in the aqueous
phase. Both types of NPs will be found simultaneously in most ethanol or acetone extracts of plant
material. Then, the same extract will probably display different LPIP values at the same concentration,
depending on the size of oil droplets of the emulsion, which, in turn, will depend on the method of
preparation of the substrate. Table 4 compiles some linoleic acid dispersion methods available in the
most recent literature using this substrate for LPIP determination.
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Table 4. Approaches to the dispersion of linoleic acid in an aqueous media. LA—linoleic acid;
PB—phosphate buffer; NP—natural product.

Main Solvent in
Reactional Medium Method of Dispersion Ref.

Water

Emulsification of LA in PB 20 mM pH 7, using Tween-20 (5.6 µg/mL LA and
5.6 µg/mL Tween-20)

Mixture of emulsion in PB, water and sample dissolved in 80% methanol
[70]

Dissolution of LA (8 mM) in Borate buffer 50 mM pH 9
Mixture of previous solution with FeSO4, EDTA, H2O2, sample dissolved in methanol

and PB 0.4 M pH 6.75
[126]

Dissolution of sodium linoleate in water (16 mM)
Mixture of previous solution in PB 50 mM pH 7.4 [127]

Dissolution of LA in ethanol, 2.5% (v/v)
Mixture of previous solution with distilled water, PB 50 mM pH 7 and sample [74]

Ethanol Dissolution of LA (1.3% (v/v)) and NP in ethanol:water 3:1 (v/v) [76]

Different methods available to disperse linoleic acid in a medium that is compatible with oxidizing
conditions allow the adaptation of the medium for NP dissolution. For instance, the work of Freitas et
al. [76] used a system mostly composed of ethanol, which might allow the LPIP determination of a
wider range of NPs (including some less polar extracts) using water-soluble radical initiators (such as
AAPH) or transition metals. In more aqueous systems, the use of saponified linoleic acid (the sodium
salt, for instance) to increase water solubility, with [70,73,128] or without [70,126] the addition of a
surfactant, might be a solution to test very hydrophilic compounds (such as natural polysaccharides),
which are insoluble, even at low concentrations of organic solvents.

Moreover, because linoleic acid is extremely prone to LPO, even without the presence of metal
ions or other catalysts (only atmospheric oxygen and/or light), there is no need to induce oxidation by
using a chemical component with an oxidizing potential [129]. Thus, lipid peroxidation can be detected
by using methods that rely on oxidation themselves, since the lipid peroxides will act on the reagents
and cause their oxidative state to increase, developing color. For this reason, linoleic-acid-based
systems have often been used as LPO quantification method in the thiocyanate–iron(III) complex
spectrophotometric assay [69–78], which is an advantage of using this substrate given the increased
simplicity and decreased interferences of this method.

A derivative of linoleic-acid-based systems of LPO simulation used for LPIP determination is the
β-carotene bleaching assay. Effectively, this is the assay that has gained more popularity as an LPIP assay
and has found application in many works dealing with antioxidant capacity of NPs. In this method, the
reactional media is like those described above (3.3.1), but contains β-carotene, a colored compound that
is highly reactive with peroxidized linoleic acid, and which loses color alongside such reaction. Thus,
spectrophotometric variation of the solution’s color (a decrease in absorbance at approximately 470 nm)
is representative of the generation of lipid peroxides. The procedure, advantages, and disadvantages
of this system have been extensively discussed in the literature [130–138], and some examples of the
latest LPIP research employing this method are suggested [139–149].

Overall, despite being widely recognized as an LPIP assay, this method has been shown to lack
reproducibility, mainly due to the complexity and variability associated to the reagent preparation [131].
Besides, because oxidizing agents would cause very rapid color loss by directly oxidizing β-carotene,
LPO is often induced by heat (around 50 ◦C), which is a non-specific mechanism of oxidation (actually,
it only increases the rate at which oxidation is occurring, e.g., due to atmospheric oxygen) [132,133], being
the time-response of NPs antioxidant activity and control highly dependent on system characteristics,
such as pH, contaminants, and solvent composition [134,138]—the latter being a problem since
chloroform is very volatile, and its concentration in the reactional medium is hard to maintain stable.
Furthermore, β-carotene’s direct degradation due to light, oxygen, and heat has been shown to have an
impact in LPIP determinations [130,133]. Modifications of the original method [136] have attempted to
fix the operational difficulty (reagent simplification) [131,135], as well as the miniaturization [131,137],
and improvement of data interpretation [137].



Antioxidants 2020, 9, 231 19 of 29

Since many NPs are tested in the form of crude extracts, and most originate from plant sources, it is
natural that carotenoid pigments confer color to natural extracts. The contribution of the extracts color
itself is therefore a bias, for which correction by the addition of sample blanks (reactions containing
only the extract and no substrate) is not reliable, since the extracts color itself is prone to modification
during the time of the assay. Thus, the β-carotene bleaching assay is more reliable when determining
LPIP in isolated, colorless NPs.

3.3.2. Phospholipid Micelles and Liposomes

In an attempt to decrease the complexity and interferences of in vitro systems using biological
derivatives as substrates, which contain protein, metals, and other components that may influence
oxidation reactions, while maintaining some representativeness of biological systems, a model of
phospholipid bilayer membranes (which are easily solvated in water), called liposomes, was used
to estimate LPIP [69,150–152]. Because liposomes have applications in the drug delivery field, and
their study is used by researchers interested in cell membrane properties, several procedures for their
preparation are described in the literature that are far more complex than required for a LPIP assay, in
which homogenous lipid distribution and constant contact area with oxidation triggers during the
assay are the main factors affecting the assay reliability. Thus, a compilation of works dealing with
liposome preparation, using different polar lipids with the purpose of LPIP, is presented in Table 5,
as well as the conditions of induction, incubation, and detection.

Liposomes are usually prepared by dissolving polar lipids in organic solvent, evaporating the
solvent (using a stream of gaseous nitrogen instead of rotary evaporation has been suggested to reduce
initial peroxidation values [153–155]), and then resuspending them in aqueous media, using vigorous
agitation and sonication, to ensure hydration of the lipid film and reduction in vesicle size and number
of lamellae [156]. Alternative/complementary steps exist, such as freeze–thaw cycles using liquid
nitrogen [73] or the use of nanopore filters to extrude the liposomes multiple times [153,154]. However,
more complex protocols are useful in the homogenization of particle size and number of lamellae
distributions, while simpler sonication-only dispersions of polar lipids might be enough for LPIP
determination [157].

Because of the packing of lipid molecules with polar heads toward the interior and exterior of the
vesicles, and the aliphatic chains of each layer toward each other, liposome systems may allow the
intercalation of lipophilic antioxidants in the evaporation phase and the occurrence of hydrophilic
antioxidants in both sides of the membrane, in the aqueous media [155,158,159]. This is an important
feature, as it is known that, in biological systems, lipophilic antioxidants are often found in the inner
part of phospholipid bilayers, to offer chain-breaking protection against LPO. Similarly, the capacity
of hydrophilic antioxidants to pass through liposomes pores to the inside of the liposomes after
their formation might simulate the capacity of that NP to enter and protect cells against intracellular
oxidative stress. The advantages of liposome models, however, can only be obtained if liposome
preparation is performed in very specific conditions and their structural qualities are determined after
production [156]. For this reason, liposomes represent a more laborious and expensive method to
screen NPs’ LPIP. As a final note, Sowmya et al. [155] described a liposome-based method to assess
singlet oxygen-initiated peroxidation, which uses methylene blue as a photosensitizer. This is an
important addition to the panel of oxidation triggers herein discussed, as, more commonly, in vitro
simulations of LPO have dealt with metal or radical mediated mechanisms of action.
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Table 5. Overview of assay conditions used in models with liposomes as substrate. PL—polar lipid; ns—not stated; AscH−—ascorbate anion; AscH2—ascorbic acid;
NP—natural product; CD—conjugated dienes; PL-OOH—phospholipid hydroperoxides.

Substrate Preparation Substrate Concentration
(mg/mL)

Oxidative Trigger
Incubation and Detection Ref.

Polar Lipid Liposome Generation Type Concentration

Mix of Bovine Brain
Phospholipids

PL in CCl3 (1 mg/mL)
Vacuum evaporationResuspen-sion (1 mg/mL) in NaCl 0.9%

Ultrasounds 15 min
0.3 Cu2+ 5 µM

Endpoint measurement by TBARS
and fatty acid profiling after 24 h at

37 ◦C w/ atm O2 and light
[160]

Soya Bean Lecithin Suspension of PL in water (8 mg/mL)
Ultrasounds 30 min (20 KHz) 7.9 Cu2+ 20 µM CD and TBARS over time at 31 ◦C

with agitation [74]

Lecithin

PL in CCl3:Meth-nol 86:14 (10 mg/mL)
N2 (g) evaporation

Resuspen-sion (5.6 mg/mL) in warm PBS
Ultrasounds 60 min (on ice)

3.6 AAPH 10 mM Endpoint measurement by TBARS
after 2 h at 37 ◦C [161]

Soybean
Phosphatidyl-choline

PL in CCl3 (10 mg/mL)
N2 (g) evaporation

Resuspen-sion (5 mg/mL) in His-buffer (5 mM, with 0.12 M
KCl pH 6.8)

37 ◦C /1 h/agitation
10x extrusion through 2-stacked 100 nm pore polycarbonate

filters

0.1 Fe3+/AscH− 50 µM/100 µM Endpoint measurement by TBARS
after 1h at 37 ◦C [153,154]

Egg yolk
phospholipids

PL in CCl3 (2.5 mg/mL) + sample in methanol
N2 (g) evaporation

Resuspen-sion (0.625 mg/mL) in water
Ultrasounds 5 min (50 Hz)

0.625 Light ns CD along time at 50 ◦C [155]

Egg yolk
phospholipids

PL in CCl3 (2.5 mg/mL) + sample in methanol
N2 (g) evaporation

Resuspen-sion (0.625 mg/mL) in Methylene Blue aqueous
solution (50 µM)

Ultrasounds 5 min (50 Hz)

0.625
Light +
Singlet
Oxygen

ns CD along time at 50 ◦C [155]

Egg lecithin PL in PB (10 mM pH 7.4) (10 mg/mL)
Ultrasounds 30 min 9.5 Fe3+/AscH2 6.3 µM/6.3 µM Endpoint measurement by TBARS

after 1 h at 37 ◦C [157]

Egg
phosphati-dilcholine

PL and sample in CCl3:Metha-nol
N2 (g) evaporation

Resuspen-sion in Tris-HCl (10 nM pH 7.4, 0.5 mM DTPA)
Vortex

Ultrasounds 30 s
21x extrusion through 100 nm pore polycarbon membrane

ns AAPH 0.5 mM PL-OOH along time by HPLC-UV [152]
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4. Conclusions

Lipid peroxidation is a relevant chemical phenomenon for society, given its consequences in
human and animal health, as well as its economic impact deriving from the spoilage of lipid-rich
foods, feeds, and cosmetic products, among others. Therefore, a great interest in the development
of technologies—among which, novel natural products—capable of inhibiting this reaction in both
living and nonliving organic matrices is clearly the subject of much interest by researchers and
industrial stakeholders. Similar to other activities found through bioprospecting, the development of a
method that is reproducible and standardized to evaluate natural products’ capacity to protect lipids
against oxidative degradation is of great importance. Such a method should also be compatible with
the high-throughput natural product discovery. By reviewing the literature on LPIP assays, it was
possible to detect that several strategies have been used to assess LPIP of NPs in vitro, using different
combinations of lipid substrates and oxidizing agents.

Concerning the substrate, most LPIP studies have used biological derivatives as substrates, namely
rat tissue homogenates, rat tissue microsomes, and human blood LDL particles. The advantages
of these methods have been identified as being mostly related to the representativeness of these
complex media concerning actual in vivo conditions—namely, the affinity of the antioxidant molecules
to the microenvironment of the substrate phase, which models the actual antioxidant activity, and
in the case of microsomes, the presence of enzymes from the natural antioxidant systems of living
organisms. However, because these substrates have been isolated from their living environment, such
representativeness requires validation that has not been yet performed, while the disadvantages of
using such substrates (the labor-intensiveness of obtaining them and the potential variability between
studies) question their usefulness. Moreover, studies using lipid solutions as substrate, either in the
form of micelles, emulsions, or liposomes, have also been performed and do not present the problem
of variability and labor-intensiveness, and for that reason might be preferable for screening purposes.

Oxidizing conditions used to promote these lipidic substrates peroxidation, to determine NPs’
LPIP, have also been of very different natures. As reviewed here, there are several pathways of initiation
depending on atmospheric oxygen, light, and transition metals, among others, and the effectiveness
of an antioxidant, as well as the type of by-products that can be obtained using each one, will suffer
relevant variations depending on these pathways. Thus, the fact that LPIP has been screened by using
so many different oxidizing approaches makes it very clear that results present in the literature of LPIP
are hardly comparable, and sometimes of little biochemical significance (e.g., when a redox cycling
oxidant is used and LPIP determined too late, no antioxidant could ever present a good value of LPIP).
Finally, the choice of the detection methodology and incubation period has often been performed either
by partially copying the existing literature—which may present a problem, since none of the source
protocols had been validated concerning time and dose-dependent kinetics—or by a preliminary
optimization that has not been reported in most studies, leading to difficulty in reproducing the assays.

Of no less relevance is the fact that, to the present knowledge, only one study [137] presented a
protocol miniaturized to 96-well microplates. Even this study failed to validate the method by properly
characterizing the kinetics of lipid peroxidation with substrate and oxidizing agent concentrations,
as well as through time. Natural products screening often requires high-throughput analysis, and
reduced amounts of samples are often available for many different assays, which makes most of the
protocols here reviewed hard to use for this purpose. For that reason, even when lipids are the main
substrate intended to be protected in a product or in an organism, non-specific antioxidant assays have
been employed in the initial stages of NP biodiscovery (e.g., DPPH, FRAP, and/or ORAC). Evidently, it
would be of great importance to establish a screening-friendly LPIP assay that could be used to narrow
down candidate NPs for lipid protection against oxidation, without compromising the probability of
successful hits.

In sum, it is apparent from this literature revision that a careful choice of the combination of
substrate, oxidizing agent, incubation time, endpoints, and detection method has to be done during the
conceptualization of the assay. Thus, a theoretical understanding of the lipid peroxidation reactions
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and time-dependence data of the reactions, with different types and doses of each of these elements
(when applicable), need to be considered together. Preference shall be given to methods requiring the
simpler and cheaper reagents, the lower number of steps, the lower volumes of reactional medium
required, and the higher robustness against natural products’ associated artifacts (e.g., native color of
natural extracts), as these traits make such LPIP assay suited for the NP-screening pipeline.
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