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Abstract: With a widespread distribution throughout the Northern Hemisphere and 11 genera,
Pinaceae is the largest family of Gymnosperms in the world. Essential oils are an important chemo-
taxonomic marker for the species of this family, although the degree of chemical and biological
investigation has not been the same for all genera. Essential oils from Abies and Cedrus (from the
abietoid clade) or Pinus and Picea (from the pinoid clade) have been more extensively investigated
with respect to their chemical composition and biological or pharmacological properties, including
their antioxidant effects. Instead, essential oils from the other genera of the family have been less
explored in this respect or even have not been investigated at all. This is a narrative review looking
into the knowledge acquired up to date, the variability and limitations of the current methods used
to estimate antioxidant effects, and multiple comparisons between EOs obtained from different
genera, species, and plant parts, as well as potential applications and future directions of research
and utilization of essential oils derived from Pinaceae species.
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assay

1. Introduction

The Pinaceae family is one of the most important groups of gymnosperms (conifers)
and is currently recognized as consisting of 11 genera and over 260 species (plus 44 sub-
species) scattered throughout the northern part of the planet, forming the largest member-
ship of the mountain forest ecosystems on this territory [1,2]. Its division into two main
clades, pinoid (Cathaya, Larix, Picea, Pinus, and Pseudotsuga) and abietoid (Abies, Cedrus,
Keteleeria, Tsuga, Nothotsuga, and Pseudolarix), seems well supported by phylogenetic data,
despite uncertainties or controversies concerning the placement of four of its eleven gen-
era [1,3] or the fact that in the past three or four subfamilies have been recognized and
often are still used (Pinoideae Pilg., Abietoideae Pilg., Laricoideae Melchior et Werder-
mann, Piceoideae Frankis) [4-6]. A two-clade classification of the Pinaceae genera is also
supported by multiple phenotypical characters, such as the wood structure, amount and
placement of resin ducts inside the immature root’s vascular system, whether or not resin
vesicles are present within the layers of the seed coat, and the immunological characteristics
of the seed proteins [1].

Like many other gymnosperms, species of the Pinaceae family biosynthesize ter-
penoids, either in the form of oleoresins or essential oils. These compounds are believed to
play a vital role in the host’s defense against various pathogens, insects, and herbivores [7].
Terpenic compounds from essential oils are recognized as good chemotaxonomic markers
of particular usefulness in studying species belonging to the order Pinales, and Pinaceae
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are one of the primary families in this order [8]. The presence of schizogenic oil ducts is
considered specific for the family [9].

Essential oils (EOs) are complex and diverse mixtures of natural compounds with a low
boiling point (hence their volatile character, being susceptible to removal by distillation),
lipophilic properties, and relatively low molecular weights (under 300 Da) [10]. Although
rarely used as active ingredients of conventional medicines or investigated in adequately
designed clinical trials, EOs are widely believed to have a wide range of health benefits,
such as antibacterial, antiviral, or antifungal properties [11], providing stress and anxiety
relief [12,13], improving sleep disorders [14], mitigating cognitive deficits in Alzheimer’s
disease [15], and improving other conditions affecting the central nervous system [16]; they
also have health benefits for cardiovascular [17], inflammatory [18], gastrointestinal [19],
immunological [20], hepatic [21], oncological [22], and other diseases [23].

In the attempts to justify some of the biological activities of EOs, their antioxidant
abilities are often assumed to be of primary importance, an assumption based on the role
played by oxidative stress in various pathological processes [24]. An increasing volume
of data supports the possibility that free radical-induced cellular damage is the root cause
of many illnesses [25]. However, this research is limited mainly to non-clinical (often
in vitro) or, at best, clinical observational models. There is speculation that EOs could
help prevent various diseases, including cancer, heart disease, cognitive dysfunction,
or a weakened immune system, by scavenging free radicals [26]. In addition to these
hypothetical health benefits, the antioxidant activities of EOs could contribute to their food
and feed-preserving properties, with potential application in use as promising feedstuffs
for farm animals, resulting in animal products with better organoleptic properties and
extended shelf lives [27].

Such antioxidant properties of EOs depend on their chemical composition and are at-
tributable to ingredients with hydroxyl (particularly phenolic) groups or multiple bonds [28].
Today, over 3000 EOs are known, often with an impressive variability in their qualitative
and quantitative composition [29]. Because Pinaceae species are par excellence producers
of EOs (from multiple organs, with distinct chemical compositions), it is interesting to
understand what is known about the antioxidant properties of their essential oils.

In this context, it is interesting to understand what is known about the antioxidant
effects of the essential oils produced by Pinaceae species because this family constitutes a
taxon known for its EO production, and these oils come from diverse organs and species
with different chemical compositions. This paper is a narrative review based on primary
bibliographic sources collected in a systematic manner from several databases: Pubmed,
Web of Science Core Collection, Scopus, and Google Scholar, using the keywords “Pinaceae”
+ “essential oil” + “antioxidant”. Following this search strategy, which was applied similarly
in each of the four databases and eliminated irrelevant papers, we ended up with seventy-
nine publications containing primary data on at least one essential oil prepared from a
Pinaceae species. We mainly analyzed the data reported by the authors of primary sources
in the text and tables; in several cases, the authors have only provided plots without
reporting the corresponding numbers. In such cases, we used the R package metaDigitise
to convert the plots to the corresponding values [30].

Scientific names are often reported without the taxonomist(s) who formally described
the species and attributed its name. We used the correct name when scientific names
included typing errors (e.g., Pinus halapensis instead of P. halepensis).

2. Methods Available for Antioxidant Testing of Essential Oils

Over time, a range of methods have been proposed to assess the antioxidant effects
of essential oils and plant extracts (as well as for different synthetic substances). They
can be classified into two main groups: (i) chemical-based assays and (ii) enzyme-based
assays [31].

Chemical-based assays, in turn, are sub-classified as assays based on single electron
transfer (SET) reactions and hydrogen transfer atom (HAT) reactions [32-34].
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SET-based methods evaluate the capacity of a putative antioxidant to reduce a sub-
strate (organic molecule, free radical, or metal) by transferring a single electron; such a
reduction reaction is accompanied by a change in color [32]. The following methods are
considered in the literature to be based on SET reactions:

TEAC (Trolox equivalence antioxidant capacity);

FRAP (ferric ion reducing antioxidant power);

Total antioxidant potential methods based on a Cu?* complex used as an oxidant;
DMPD** (N,N-dimethyl-p-phenylenediamine) radical scavenging;

CUPRAC (Cupric ions reducing antioxidant power);

Total phenolics assay by the Folin—Ciocalteu reagent;

TAC (total antioxidant capacity);

Phosphomolybdenum scavenging;

Scavenging of xanthine oxidase;

DPPH® (2,2-diphenyl-1-picrylhydrazyl) radical scavenging;

ABTS®** (2,2-azinobis 3-ethylbenzthiazoline-6-sulfonic acid radical scavenging [32-36].

HAT-based methods evaluate the capacity of a putative antioxidant to scavenge free
radicals by transferring a hydrogen atom [32]. The following methods are considered in
the literature to be based on HAT reactions:

ORAC (oxygen radical absorbance capacity);

TRAP (total radical trapping antioxidant parameter);
Methods based on the inhibition of LDL oxidation;
TOSC(A) (total oxyradical scavenging capacity);

(3-carotene bleaching methods;

CBAs (crocin-bleaching assays);

Chemiluminescent assay;

Nitric oxide scavenging;

TBARS (thiobarbituric acid reactive substances);

Inhibited oxygen uptake;

DPPH?* (2,2-diphenyl-1-picrylhydrazyl) radical scavenging;
ABTS** (2,2-azinobis 3-ethylbenzthiazoline-6-sulfonic acid radical scavenging [32-36].

Chemical-based assays have also been classified depending on the nature of chemicals
reduced by the antioxidants as follows:

Radical scavenging assays (e.g., DPPH, ABTS, hydroxyl radical);
Lipid peroxidation assays (e.g., 3-carotene/linoleic acid bleaching assay, thiobarbituric
acid reactive substances (TBARS));

e  Reduction power assays (e.g., FRAP, CUPRAC, phosphomolybdenum assay) [31].

Enzyme-based assays evaluate the impact of a putative antioxidant not on small chem-
ical substances or radicals but rather on enzymes involved either in generating free radicals
in the cells (e.g., NAD(P)H oxidase or xanthine oxidase) or in protecting the cell against free
radicals (superoxide dismutase—SOD, catalase—CAT, glutathione peroxidase—GPX, glu-
tathione reductase—GR, glutathione S-transferases—GSTs, thioredoxin reductases—TRs,
heme oxygenase—HO-1/HSP32, biliverdin reductase—biliverdin reductase—BVR) [37].
Such enzymes can be studied in both cell-free and cell systems, and each approach has
strengths and shortcomings. For instance, certain natural compounds might have an an-
tioxidant effect on isolated chemicals or free radicals but not necessarily in the cellular
environment (where they could be inactivated or outcompeted by various cell compo-
nents) [37]. On the other hand, it is very likely that certain natural compounds, while not
active directly on free radicals or pro-oxidant substances, can upregulate certain antioxidant
enzymes (increase their expression) or downregulate one or several enzymes involved in
generating free radicals; such compounds are said to be indirect antioxidants [24].

It has been increasingly recognized that the antioxidant activities assessed by chemical-
based assays (using either HAT or SET mechanisms) do not correlate well with clinical
effects. Therefore, there is a need for better assays, such as those based on cell systems [38].
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On the other hand, cell systems are more expensive, time consuming, and complex and,
therefore, do not lend themselves to a straightforward interpretation [31]. However, such
systems have become sufficiently mature and robust to allow use in high-throughput
applications, and it has been opined that they should now replace HAT- and SET-based
assays [38]. Due to economic and logistic constraints, though, such a replacement is
expected to take place only gradually.

By far, most papers that reported antioxidant effects for essential oils from Pinaceae
included a DPPH method, often together with at least one additional assessment method
(e.g., [39,40]). Still, in many cases, DPPH was the only antioxidant method employed
(e.g., [41,42]). Prima facie, this could create the impression that comparing the antioxidant
effects of essential oils prepared from Pinaceae species, as measured through this method,
should be relatively straightforward. Unfortunately, comparisons are often impossible to
make because of a wide variability in how the technique was performed in positive controls
(or lack thereof) and in how results were expressed. For instance, spectrophotometric
measurements are usually carried out after maintaining the prepared mixture of sample
and free radicals (DPPH) for a particular duration. Although most often this duration was
30 min (e.g., [39,40,43—45]), in various published papers, it varied considerably: 10 min [46],
20 min [47-51], 25 min [52], 40 min [53], 50 min [42], 60 min [54-61], or 70 min [62].
Very often, the period after which the spectrophotometric measurements were performed
was not mentioned (e.g., [63-65]). Sometimes, this lack of detail was supplied through a
reference. Still, because it was stated that the method in the reference was applied with
minor adaptations, one could not be sure whether the measurement timing changed. In
a few cases, the authors reported a dynamic assessment, i.e., performing measurements
at multiple time points (e.g., 20, 40, 60, 90, and 120 min [41,66]). This approach is helpful
as it provides more information on the behavior of the essential o0il in contact with the
evaluated free radicals (DPPH). Still, in this specific example, the most widely used time
point (30 min) is lacking, preventing comparisons with measurements performed by other
laboratories at 30 min.

In most cases, the spectrophotometric measurements for the DPPH assay were per-
formed at room temperature or, as explicitly stated in two cases [67,68], at 25 °C. However,
one paper reported incubating the DPPH mixture at 37 °C before performing the spec-
trophotometric measurements [69].

A variety of positive controls were used: ascorbic acid [47,52,58,70-74], alpha-
tocopherol [45,52,64,75-77], BHA [45,55,74,78,79], BHT [42,44,45,54,58,67,76,78,80,81], beta-
caryophyllene [64], caryophyllene oxide [64], quercetin [42], tannic acid [82], gallic acid [60,83],
thymol [84], and even Thymus vulgaris essential oil [62].

Further differences were found for the endpoint used to report the results of the DPPH
test. Whereas in many cases this was based on an ICs( value (e.g., [47,54,69]), despite using
a synonym name (such as EC50—half maximal effective concentration [41,79], RC50—50%
reduction concentration [85], or SC50—50% scavenging concentration [42]), in other cases,
different endpoints were used as follows:

e  Percentage of DPPH inhibition measured for a single sample prepared in a wide
variety of ways (i.e., very different concentrations, e.g., 5 mg of essential oil diluted
to 5 mL with ethanol, treated with 250 pL of DPPH in methanol (5.07 x 10~* M) [55],
100 pL of essential oil mixed with 3.9 mL of DPPH solution [86], 50 nL./mL [87], or
even without details on the way the sample was processed but referencing a published
source without clear statement whether identical amounts were used [53,82,88]);

e  Percentage of DPPH inhibition measured on three to five different amounts/concentrations
of essential oil with no ICs estimation [72,78,89];

e Equivalents to certain antioxidant substances expressed as mg per gram of essential
oil (hydroxytoluene equivalent; ascorbic acid equivalent; Trolox equivalent) [90,91],
uM equivalents per gram of essential oil [51], mM equivalents per ml [48] or per liter
of essential oil [56], or ug of equivalents per ml of essential oil [92].
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When a single concentration was used, due to the high variability in the concentrations
used, percentages reported are hardly comparable, except for the samples mentioned in
the same paper by the same authors. Often, not only were different substances used as
reference agents, but the way of expressing the results (gram or moles, per mL/L or mg/g
of essential oil) makes them hardly comparable (except for comparisons reported by the
same authors in the same paper and through the same methodology). The estimation of
an ICs value is highly recommended as a unique point estimate able to encapsulate more
information on the antioxidant activity of an EO. However, it is well known that ICs( values
can also vary widely, depending on the substrate concentration used and other aspects of
the experimental design [93]. All these aspects should be considered in interpreting the
results reported for the antioxidant activity of essential oils obtained from various Pinaceae
species (or any other taxonomic group).

Similar wide variability in performing and reporting results was also found con-
cerning the ABTS method. For instance, results were reported as ICsp (in ng/mL [39],
mg/mL [64], or % [94]), TEAC (Trolox equivalent antioxidant capacity) (mEq Trolox/g
EO [91], umol TE/g DW [40,48]), the percentage of scavenging activity at defined con-
centrations [89], and ascorbic acid equivalent/g [74]. There are also differences in how
the method was put into practice. The free radical was produced by reacting an aqueous
solution of 7 mM ABTS with 140 mM potassium persulfate (K;5,03), and the two reagents
were incubated for 16 h before use; after diluting to an appropriate absorbance value with
ethanol and adding the EO, the resulting mixture was incubated for 5 min before measuring
the absorbance [39]. In addition to the 7 mM concentration [40,52,64,70], other authors
used various concentrations of the ABTS solution as a starting point for producing the
free radicals (or added pure ABTS [74]): 7.4 mM [89,94], 14 mM [95], and 1.4 mM [81].
Most often, they mixed the ABTS solution with 2.4/2.45/2.46/2.5 mM potassium per-
sulfate [40,52,64,71,89,94,96,97], but 140 mM [48] or 4.9 mM [81,95] persulfate solutions
were also used. Venditti et al. generated the ABTS radical by adding 0.6 g of manganese
oxide to an ABTS solution and leaving the two reagents in contact for 20 min [51]. Var-
ious experimenters reported waiting for 12-16 h before use [40,74,89,96], 14-16 h [52],
14 h [71],16 h [64,81,95,97], or “one day in advance” [48]. Absorbance measurement was
carried out after 3 min [52], 5 min [91], 6 min [40,48,64,70,71,81,89,95-97], 7 min [71], or
30 min [74,94]. The solution was diluted to an appropriate absorbance level with pure
water [70,74,97] or methanol [52,71]. For DPPH, various substances were used as positive
controls: ascorbic acid [52,70,71,94,97], Trolox [39,40,48,51,97], alpha-tocopherol [52,64],
BHT [81], BHA [74,94], beta-caryophyllene [64], and caryophyllene oxide [64], and in
multiple cases, no comparator was employed [89,91,95,96]. Although active controls were
mentioned as used, their antioxidant values were sometimes not reported [94], and are the
equivalent of no control.

Specific authors only referenced an original method from the literature for FRAP
without specifying any adaptations [80], and others used various modifications [40]. In
one variant, the FRAP reagent was obtained by mixing a 10 mM TPTZ in 40 mM HC],
20 mM ferric chloride, and 300 mM acetate buffer (pH 3.6) (1:1:10) [40,48,51,71,77,98].
Others (Oyaizu method) mixed the EO with equal aliquots of potassium ferricyanide
(1% solution) and a pH 6.6 phosphate buffer (0.2 M). After incubation for 20 or 25 min
at 50 or 55 °C, the reaction was stopped with trichloroacetic acid, centrifuged, and the
supernatant was mixed with H202 and ferric chloride [52,64,68,70,78,81,97-99]. Sometimes,
this latter method is described only as “reducing power” and as distinct from FRAP [77]
(whereas other authors treat it as FRAP [52,97,98]); as discussed later in this paper, the
data available for bark EOs were obtained from Pinus pumila (Pall.) Regel [77], which
clearly shows that the two methods are not equivalent and should not be treated as the
same. The absorbance was measured after 4 min of incubation at 37 °C [100], 10 min of
incubation at 37 °C [40,48], 30 min of incubation at 37 °C [51,71,77], or 20 min of incubation
at 55 °C [52,78,98]; these differences in sample processing (temperatures and durations)
not only could impact the redox reaction but also the stability of various EO constituents.
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The result reporting was as diverse as other methods. Some papers reported FRAP as
antioxidant capacity in Trolox equivalents (umol TE/g DW [40,51], umol eq Trolox/mL
EO [48], Trolox equivalents/g [77]), and gallic acid equivalents [61], others estimated
EC50/ ICsq values (ug/mL [52,68,99], mg/mL [81]), and others reported the absorbance
measured at 700 nm (“A700 value”) [98] or were sometimes simply unclear as to what was
used [61]. Active controls were, as usual, diverse: Trollox [40,48,77], ascorbic acid [52,71,81],
alpha-tocopherol [52], chlorogenic acid [98], BHA [68], and BHT [68].

The beta-carotene bleaching test was less widely used than DPPH, ABTS, or FRAP, but
we identified at least eight publications in which it was used on Pinaceae
EOs [52,60,62,64,67,68,77,101]. In one variant, the beta carotene-linoleic emulsion was
prepared using 0.2 mL of the p-carotene solution (1.0 mg/mL with chloroform as the
solvent), 20 uL of linoleic acid, 200 mg of Tween 40, and 50 mL of oxygen-enriched water
(oxygen flow at 100 mL/min for 30 min) [77]. In another variant, to create the emulsion,
3 [64,101] or 4 [68] mL of the 3-carotene solution (0.1 mg/mL in chloroform) was combined
with 40 mg of linoleic acid and 400 mg of Tween 40 (or similar recipes [52,62,67]). The
solution thus obtained was evaporated most often at 40 °C (in one case at 45 °C [52])
(5-10 min) to eliminate the solvent. Finally, the emulsion was prepared by gradually
adding 100 mL of distilled water to the dried residue, accompanied by energetic stir-
ring [52,62,64,68]. The reaction was reported to take place at 50 °C [64,68,77]. In addition
to the baseline measurement, the UV absorption was measured at 30 and 60 min [77] and
60 [62,64,101], 100 [52], or 120 min [67,68]. A variety of substances were used as positive
controls: ascorbic acid [52,77], alpha-tocopherol [52,64,77], BHA [67,68], BHT [60,67,68],
rutin [101], Trollox [62], and Thymus vulgaris EO [62].

A method related to beta-carotene bleaching is based on inhibiting linoleic acid per-
oxide formation. The EO sample (diluted in ethanol) is mixed with a solution of linoleic
acid, ethanol, and a pH 7 sodium phosphate buffer and then incubated for a relatively long
period (175 h). Peroxide value is then estimated spectrophotometrically using a method
based on a complex formation with ammonium thiocyanate and ferrous chloride. This
method was used once to evaluate EOs from Pinaceae [61].

Nitric oxide scavenging was assessed via the Griess reagent method using naphthyl
ethylenediamine and sulphanilamide (in an acidic environment) to react with NO (gener-
ated by sodium nitroprusside), resulting in a colored azo compound [102]. This method was
applied in two papers to evaluate nitric oxide scavenging Pinaceae species’ EOs [69,101].

TBARS (thiobarbituric acid reactive substances) assesses antioxidant properties based
on malondialdehyde (MDA) resulting from lipid peroxidation under the attack of free
radicals and can react with the thiobarbituric acid to generate a pink-colored dimeric
compound. Despite its limitations, it is still used for evaluating the antioxidant effects of
EOs [103].

Methods gauging the ability to scavenge hydrogen peroxide can be enzymatic or
non-enzymatic [26]. Two such methods applied in assessing EOs from Pinaceae use a spec-
trophotometric approach based on the direct hydrogen peroxide reaction with the EO in a
phosphate buffer (pH 7.4), followed by spectrophotometric measurement at 230 nm [61,88].
Cited several times under the name of “Ruchet et al. (1989)” [88,104,105], it was actually
proposed by R. J. Ruch et al. (1989) [106].

Three papers evaluated the hydroxyl radical scavenging using the deoxyribose method,
where free radicals generated through a Fenton reaction attack deoxyribose to form malon-
dialdehyde were then measured with the thiobarbituric acid method [84].

The ORAC method, developed in the 1990s, is based on heating an azide compound
to generate very active free radicals, which subsequently quench the fluorescence of fluo-
rescein [107]. “ORAC values have been used more as political and marketing tools than as
chemical tools” [107], and coupled with its limitations, the USDA decided to withdraw a
public ORAC database it had previously developed [108].

The chelating activity was evaluated using a ferrozine method [67,78,91,101] (in one
paper, it is inappropriately called “the method of Dinis et al.” [78], when in fact, the publi-
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cation of Dinis et al. [109] is based on a method published in the 1970s by P. Carter [110]).
The results were expressed as % [78], IC5q [68,101], or mg Eq EDTA /g EO [91].
The following methods were used only once or in a small number of cases:

The superoxide radical inhibition based on the autooxidation of pyrogallol [88];

The superoxide radical scavenging based on nitroblue tetrazolium reduction [70,111];
The method based on 3-morpholino-sydnonimine and 1-keto-4-methylthiobutyric acid
(SIN-1—KMB) [112];

e  The Fenton system [113] proposed for use in the antioxidant assessment by Halliwell
and Gutteridge (1985) [114];

e  The method based on 1-aminocyclopropane-1-carboxylic acid (ACC) fragmentation
induced by HOCI (hypochlorous acid) [112];

o  The ferric-phenanthroline assay (Phen assay) based on the ability of ferric ions to form
a complex with phenanthroline [115];

e  The Rancimat method, developed by Hadorn and Zurcher in the 1970s (in a publication
in the German language [116]), established itself as one of the most widely utilized
accelerated techniques for assessing the oxidative stability of fats and fat-containing
foods [117,118];

A method based on the xanthine/xanthine oxidase system [112];

A method based on the NADH/diaphorase system [112];

Two methods based on the impact of the EO on catalase and glutathione reduc-
tase [119];

The phosphomolybdenum method (total antioxidant capacity (TAC) assay) [64];

The Folin—-Ciocélteu method of quantifying total phenolics [43];

The 20,70-dichlorofluorescein diacetate probe to estimate the intracellular antioxidant
activity in the human keratinocytes HaCaT cell line [73].

The most extensive investigation of the antioxidant effects of multiple EOs from Pinus
species used the luminol chemiluminescence assay [120]. Luminescence, the emission of
light by excited molecules returning to their ground state, comes in many forms, depending
on the energy source, such as photoluminescence (including fluorescence and phosphores-
cence), pyroluminescence, triboluminescence, cathodoluminescence, crystalloluminescence,
and chemoluminescence. The latter is luminescence powered by chemical reactions [121].
Luminol (5-amino-2,3-dihydrophthalazine-1,4-dione) is an organic substance capable of
chemiluminescence in the presence of oxidants (such as free radicals), whereby its oxidation
results in an excited electronic state, which upon relaxation to the ground state, emits light
(maximal emission at 425 nm) [122].

3. Comparing Antioxidant Effects of Pinaceae EOs

A review paper should offer a synthesis of the data, including comparisons and
ranking of EOs from multiple genera, species, plant parts, or other variables of interest.
However, such a comparison is difficult to perform, mainly because of the wide variability
observed in how methods are applied (see Section 2), how the EOs are extracted, and their
chemical composition.

Comparisons made based on data from the same study are, to some extent, more
reliable, as they cancel many experimental errors specific to the analyst, equipment, and
other particularities of the laboratory. If EOs from several taxons are compared, for instance,
but the collection of the plant material was performed at different times in the year or from
different areas (with different pedological and climatic conditions), the differences recorded
might still be due to other factors that are specific to the taxons analyzed. Using a positive
control should facilitate (to some extent) comparators even in the absence of the same meth-
ods and experimental details. However, the use of different endpoints and comparators
by different experimenters still precludes extensive comparisons across the available data.
The results between different labs are often not negligible for the same comparator using
the same endpoint. For ascorbic acid using the DPPH method, for instance, the following
ICsp values have been reported (we converted mg/mL to pg/mkL): 1.75 £ 0.69 ug/mL [70],
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2.0 +0.13 [85], 3.27 ug/mL [47], 5.0 £ 0.4 pg/mL [101], 6.25 pg/mL [71], 11.5 ug/mL [72],
19.0 £ 1.1 ug/mL [69], 22.61 £ 1.08 [97], 40 £ 110 pg/mL [73], 46.54 + 3.64 pg/mL [52],
53.24 + 3.25[59], 54 pug/mL [74], and 84 £ 63 pg/mL [99]. How do we use such a variety
of values spanning almost two orders of magnitude? Employing the average is not the
most appropriate because they correspond to different experimental conditions. Still, those
conditions are expected to have similarly impacted the values estimated for the EO samples.
Therefore, although not perfect, we propose comparing ICsg values with the use of the
“relative potency” (RP), defined as follows:

ICs5¢ of sample

RP(positi trol) =
(pos1 ive control) ICs of positive control

This calculation assumes that the ICsy of both the positive control and the sample
are expressed in the same units, and the RP will be a unitless number. It describes how
powerful or weak a sample’s antioxidant effect is with respect to a pre-established positive
control. The higher the RP, the lower the antioxidant effects, and the lower the RP, the
stronger the antioxidant effects. For instance, if the RP = 0.5, that means that the positive
control is twice more active than the sample or that the activity of the sample is about half
of that of the positive control; instead, if the RP = 2.0, that means that the positive control is
twice more active than the EO or that the EO has only half of the activity of the positive
control. Because “strong” or “weak” antioxidant effects are often spoken about without a
clear quantitative criterion, we hereby propose an RP scale and the equivalent common
terms to describe the strength of antioxidant activity (Table 1).

Table 1. Common language terms describing antioxidant activity based on the quantitative criterion
of RP values.

RP Values Common Language Term Describing Antioxidant Activity
<0.1 Very strong
0.1<RP<1.0 Strong
1<—-RP<10 Moderate
10 <RP < —100 Weak
RP > 100 Very weak or inactive

Because multiple positive controls have been used in different studies, it is helpful to
use conversion factors to estimate the RP values in relationships with other comparators.
We have analyzed the studies using multiple comparators and computed the ratio between
their ICs5) values determined in the same experimental conditions. Whereas ICsy values
varied widely (as shown above), the ratio between two pairs of positive controls tended to
vary much less, allowing us to estimate the conversion factors (ratios) mentioned in Table 2.
Because the most extensive corpus of data was available for DPPH, we estimated these
factors for DPPH. Still, with more data, a similar estimation can also be performed for other
antioxidant assays.

Table 2. Conversion of relative potencies (RPs) estimated with different positive controls for DPPH results.

RP to Convert Conversion Ratio Mean Ratio  References

alpha-tocopherol
wascorbic acid

BHA 9ascorbic acid: 0.093/0.054 (1.72); 3.7 /2 (1.85) 1.785 [74,85]
BHT 9ascorbic acid: 23.71/63.04 (=0.376); 21.51/53.24 (=0.404) 0.39 [58,59]

100.44/47.58 (=2.11); 0.1/0.04 (=2.5) 2.305 [52,123]
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IC5p values and relative potencies against ascorbic acid identified in the studied
literature for Pinaceae species on DPPH are listed in Table 3.

Table 3. ICs( values and relative potencies against ascorbic acid for the antioxidant effects of EOs
from Pinaceae estimated on DPPH.

IC50 Sample/Ing

Taxon Main Chemical Constituents Ascorbic Acid RP (Ascorbic Acid)
Leaf
. Limonene (38.9%), x-pinene (36.5%),
Abies pindrow (Royle ex. B-pinene (6.9%), and 8.07 ug/mL/3.27 ug/mL 247
D.Don) Royle [47] . o
a-selinene (4.4%)
a-terpineol (30.2%), linalool (24.47%),
Cedrus deodara (Roxb. ex limonene (17.01%), anethole (14.57%),
D.Don) G.Don [70] caryophyllene (3.14%), and 053 pg/mL/1.75 ug/mlL 0-30
eugenol (2.14%)
. . a-pinene (46.8%), 3-carene (24%),
Pinus gggg:?g;ivau' & caryophyllene (9.1%), and 54.8 ug/mL/19 ug/mL 2.88
’ a-phellandrene (3.9%)
. o [-caryophyllene (28.04%), myrcene
Pinus halepensis Mill. [97] (23.81%), and a-pinene (12.02%) 113.25 pg/mL/22.61 pg/mL 5.00
x-pinene (45.93%), germacrene D
. . . (27.50%), B-caryophyllene (8.13%),
Pinus nigra ssp. nigra [74] B-pinene (6.90%), and germacrene 25.596 mg/mL/0.054 mg/mL 474.0
D-4-01 (0.57%)
a-pinene (42.33%), germacrene D
Pinus nigra ssp. pallasiana (30.59%), B-caryophyllene (7.43%),
(Lamb.) Holmboe [74] -pinene (5.15%), and germacrene 28.677 mg/mL/0.054 mg/mL 531.06
D-4-0l (1.93%)
. . . a-pinene (50.83%), germacrene D
Pinus nigra ssp. nigra (syn. P. o ] o
nigra var. banatica Georgescu ~ 2>09%0), B-caryophyllene (7.31%), g 4g 0 /1 /0,054 mg/mL 464.4
& Tonescu) [74] -pinene (3.10%), and germacrene
D-4-0l (0.01%)
a-pinene (44.6%, 36.5%), B-pinene
(23.0%, 18.8%), B-caryophyllene
Pinus pinaster Aiton (two (5.0%, 8.7%), B-myrcene (5.0%, 5.9%), No activity No activity

producers) [73] germacrene-D (1.7%, 5.6%), limonene
(3.9%, 3.3%), and 5-3-carene
(2.1%, 1.8%).

a-pinene (13.53%), 3-caryophyllene
(15.46%), abietadiene (10.81%),
-pinene (9.81%), rimuen (9.13%),
Pinus pinaster Aiton [71] abietatriene (8.36%), x-amorphene 145.8 ug/mL/6.25 ug/mL 23.33
(6.91%), cupressene (5.21%)
-myrcene (4.14%), x-humulene
(2.70%), and &-cadinene (1.52%)

a-pinene (27.0%), B-pinene (28.0%),
3-myrcene (11.0%), 5-3-carene (6.6%),
Pinus pinaster Aiton [73] germacrene-D (6.3%), 55.2 mg/mL/0.04 mg/mL 1380
[-caryophyllene (4.5%), and
limonene (4.5%)
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Table 3. Cont.

Taxon

IC50 Sample/ICsO
Ascorbic Acid

Main Chemical Constituents

RP (Ascorbic Acid)

Pinus pinea L. [101]

a-pinene (0.51%), B-pinene (0.36%),
limonene (11.42%), 3-caryophyllene
(7.61%), germacrene-D (5.52%),

5-selinene (4.14%), guaiol (12.70%), 45.1 ng/mL/5.0 pg/mL 9.02
x-eudesmol (5.19%), and manoyl
oxide (3.61%)
Pinus pinea L. [73] limonene (72.8%) and x-pinene (7.6%) 195.7 mg/mL/0.04 mg/mL 4892.5
a-terpinene (50.9%), -ocimene
(25.4%), caryophyllene (19.5%),
Pinus roxburghii Sarg. [69] 3-carene (17.8%), x-pinene (12.7%), 67.3 ug/mL/19 