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Abstract  

Antioxidant activity can be measured by a variety of methods, that include hydrogen atom 

transfer (HAT) and single electron transfer (ET) methods. Most of these techniques are 

spectrophotometric, and thus incapable of quantifying or indicting individual antioxidant 

compounds. Nowadays, the integration of chromatographic and chemometric approaches 

allows a high-throughput identification and activity prediction of herbal products. The ethyl 

acetate fraction from the aqueous-acetone extract of Pistacia atlantica leaves is frequently used 

for the isolation of antioxidants. In this study it is investigated for its antioxidant properties in 

order to define a potential methodology for the determination of the antioxidant capacity of 

herbal extracts (which need to be confirmed by future studies). The seven free radical assays 

evaluated can be divided into two groups depending on the oxidizing reagent. Three methods 

use stable, non-biological radicals, i.e. the diphenyl-1-picrylhydrazyl (DPPH) assay, the 

azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay, and the N,N-dimethyl-p-

phenylenediamine (DMPD) assay, which have no direct physiological importance. Four 

methods work with biological radical producers , including superoxide anion (O2
•), hydroxyl 

(•OH), nitric oxide (NO•) and peroxyl (ROO•are produced metabolically in living organisms, 

and thus direct information on an extract’s protective action is obtained. Furthermore, the 

reducing power method by potassium ferricyanide (RPC), and the iron (ferrous) ion chelating 

activity also have been investigated. The antioxidant activities of the samples were measured 

according to the different methods and modelled as a function of the HPLC fingerprints using 

the partial least squares (PLS) technique. The regression coefficients of the models were studied 

to indicate the peaks potentially responsible for the antioxidant activity. From the combined 

results of the different PLS models, we recommend using the DPPH, RPC and ROO• assays, to 

evaluate the overall antioxidant capacity; in the case study of P. atlantica leaves. 

Keywords: Pistacia atlantica, Antioxidant capacity, Free radical scavenging, Reducing power, 

Metal chelating, Chromatographic fingerprints, Partial least squares regression. 
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Introduction  

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are generated in metabolic 

and physical processes.1 The formation of ROS per se is not detrimental. It is essential for the 

optimal functioning of metabolic processes, muscular contraction and immune defense.2 RNS 

have been recognized as playing a crucial role in the physiologic regulation of many, if not all, 

living cells, such as smooth muscle cells, cardiomyocytes, platelets, and nervous and 

juxtaglomerular cells.3 Thus, RNS induce reactions including nitrosylation of sulfhydryls (S-

nitrosylation) or metals and nitration of tyrosine residues.4 In recent years, the molecule nitric 

oxide (NO) has been shown to be involved in many important biological events.  S-nitrosothiols 

(RSNOs), are biological metabolites of  NO. It has often been suggested that they represent a 

more stable form of NO that can either be stored or transported, although the evidence for this 

is sparse. Thionitrous acid (HSNO), the smallest RSNOs, has received particular attention as a 

potential key intermediate in cellular redox regulation, linking two signaling molecules, 

hydrogen sulfide (H2S) and NO.4,5 Hypobromous acid (HOBr) is regarded as a reactive bromine 

species (RBS) with effective antibacterial properties among the endogenous reactive oxygen 

species. It is thought to be a key component of the neutrophil defense system.6  

Reactive oxygen species have been linked to various cellular injuries, including membrane lipid 

peroxidation, DNA alteration, damage to proteins and enzyme inactivation.7 In fact, the non-

controlled production of ROS may trigger specific factors responsible for oxidative damage in 

the cell: over-expression of oncogene genes, generation of mutagen compounds, promotion of 

atherogenic activity, senile plaque occurrence or inflammation.8 As a result, ROS are implicated 

in more than one hundred diseases, including malaria, acquired immunodeficiency syndrome, 

heart diseases, stroke, arteriosclerosis, diabetes, cancer and gastric ulcer.7 

Due to the enhancement of the endogenous antioxidant system and the reduction of free radical 

production, regular training, on the contrary, leads to a better tolerance against oxidative stress.7 

Antioxidants decrease the extent of oxidative damage by generating a less active radical or by 

minimizing the destructive free radical chain reaction.1 

Antioxidants thus gained increased importance in recent years. It is of great interest to the 

general public, medical and nutritional experts, health and food science researchers to be 

informed of the antioxidant capacity in biological samples and foods.9 Because of the 

complexity of the composition of biological fluids and foods, it would be expensive, time 

consuming and hardly possible to separate and analyze each antioxidant individually. 

Moreover, the possible synergistic interactions between the compounds then cannot be 

determined. Therefore, it is desirable to have an appropriate method for the rapid quantitation 
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of antioxidant effectiveness.10 The antioxidant capacity assays examine the cumulative action 

of antioxidants. Consequently, they provide an integrated parameter as they assess also the 

synergistic interactions.11 Moreover, the tests help to save a lot of time, because generally, they 

do not involve complicated techniques and with the application of microplates, high sample 

throughputs are possible.12 

Recent literature states that a single ''total antioxidant capacity (TAC)'' index for food labeling 

may not be adequate because of the lack of standardized quantitative methods13 and thus several 

methods are employed to assess the antioxidant quality of food. TAC measurement methods 

described in the literature have been classified in four categories14: (1) based on measuring the 

time for the consumption of all antioxidants in a sample; (2) based on radical consumption 

(quenching) measurement, the antioxidant compound to be analyzed is added to a medium 

containing a free radical; (3) based on observing the rate of a given free-radical process, and 

evaluation of the decrease of this rate upon the addition of the antioxidant sample to be 

analyzed; and (4) correlating the total amount of antioxidants to the reducing capacity of the 

samples. These methods may further be subclassified, e.g., in-vitro or in-vivo; enzymatic or 

non-enzymatic; and, direct or indirect methods. 

In general, antioxidant activity (AOA) measurements are associated with reaction kinetics 

(rate), whereas antioxidant capacity (AOC) measurements are associated with reaction 

thermodynamics (i.e. conversion efficiency in terms of the number of radicals quenched or 

electrons transferred per molecule of antioxidant).15 

A widely accepted mechanistic classification involves two major categories: hydrogen-atom 

transfer (HAT)-based and electron-transfer (ET)-based assays, which cannot be differentiated 

with distinct boundaries.15 It has been hypothesized that no single AOC assay will truly 

represent the TAC of a particular sample, and thus complementary tests, reflecting both 

hydrophilic and lipophilic TACs, as well as the protective effects against both ROS/RNS, are 

required to fully elucidate AOC.13 Consequently, in spite of the presence of a wide variety of 

methods in the literature, there is no single, versatile AOC or AOA assay that is approved by a 

majority of analytical, biological and food chemists and that can be applied to all matrices. 

Recently, the World Health Organization (WHO) accepted chromatographic fingerprinting as 

a methodology for the assessment of natural products16. A fingerprint obtained by, for instance, 

High-Performance Liquid Chromatography (HPLC) characterizes the composition of the herbal 

sample.  The results can be used not only for authentication of the sample, but also to retrieve 

additional information, such as the indication of peaks with interesting activities or the 

discrimination between species, samples, etc. 17 
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An intensively studied herbal genus is Pistacia atlantica (family Anacardiaceae). Spread 

throughout the Mediterranean basin to central Asia, it is used extensively in traditional 

medicine.18 The leaves of P. atlantica provide a broad basis for researchers for potentially 

interesting compounds. Over the years, several papers have been published on the antioxidant 

effects of P. antlantica leaves extract. Peksel et al. 19 determined the antioxidant activity of 

aqueous extract of P. antlantica, reflecting its potency to scavenge free radicals, using the 

ABTS•+, DPPH•, DMPD•+, NO• and •OH scavenging assays. The ethyl acetate fraction from 

aqueous methanol extract of P. antlantica leaves demonstrated strong antioxidant activity in 

the ABTS assay.20 In a study conducted by Benamar et al. 21 the antioxidant activities of crude 

aqueous extract and four solvent sub-fractions (hexane, chloroform, ethyle acetate, and 

butanol), obtained from P. antlantica leaves were evaluated using the DPPH-

spectrophotometric assay. Among all fractions and crude extract, the ethyl acetate fraction 

exhibited the highest activity. It was concluded that polyphenol-rich fractions were more 

efficient than the crude extract. Somayeh et al.22 have studied the ability of crude ethanol extract 

of P. atlantica leaves to scavenge the DPPH• radical. Similarly, the ethyl acetate fraction was 

found to be rich in phenols and flavonoids, exhibiting the highest antioxidant potential as 

compared to the ethanol crude extract and its other sub-fractions, i.e. n-butanol, chloroform and 

n-hexane.  

Recent studies have revealed that the phenolic compounds with antioxidant properties are likely 

to be responsible for P. atlantica’s pharmacological effects. Aqueous extract of P. atlantica 

leaves was fractionated by partition with solvents of increasing polarity. Ethyl acetate and n-

butanol led to the identification  of  5 phenolic compounds each, mainly rutin, gallic acid, 

catechin, syringic acid, ferulic acid, quercetin and naringenin.21 Methanolic  extract of P. 

atlantica leaves subjected to HPLC showed the presence of free phenolic acids, such as gallic 

acid, rutin, caffeic acid, p-hydroxybenzoic acid, vanillic acid, p-coumaric acid, syringic acid, 

ferulic acid and sinapic acid.23 HPLC-DAD coupled with quadrupole time-of-flight mass 

spectrometry on the bioactive ethyl acetate fraction of hydro-acetonic extract of P. atlantica 

leaves led to the identification of gallic acid and eleven derivatives, glucogallin, galloylquinic 

acid, gentisic acid, galloylshikimic acid, methylgallate, quinic acid, digalloylquinic acid, 

digallic acid, trigalloylglucose, tetragalloylglucose, and tetragalloylquinic acid. 24 

The above studies indicate that the P. atlantica leaves extract shows antioxidant activity, that 

the activity is higher in the ethyl acetate fractions than in the crude extract, owing to the 

presence of high amounts of extracted phenolic compounds that act as strong antioxidants. It 

would be interesting to define a standardized methodology for the determination of the 
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antioxidant capacity of P. atlantica leaves (and more general, of herbal extracts) in an attempt 

to understand its mechanisms of action. The approach followed in this study was to model the 

antioxidant activities of ethyl acetate extracts of P. atlantica leaves as a function of HPLC 

fingerprints. The goal of this modeling is not to use the model to predict the activity of future 

samples but to standardize methods for the determination of the antioxidant capacity of herbal 

samples. The antioxidant activities, including reducing power, chelating iron and scavenging 

free radials (DPPH•, ABTS•, DMPD•, O2
•, •OH, NO• and ROO•were determined in nine 

chemical assays. The results were modelled as a function of the HPLC fingerprints using the 

multivariate calibration technique Partial Least Squares (PLS). The results obtained by the 

different PLS models were combined in order to standardize methods to estimate the 

antioxidant activity. 

Theory 

Before applying chemometric techniques, the chromatographic data obtained from P. atlantica 

extracts is organized in an n× p matrix X, where n represents the number of  samples  and  p  

the  number  of  time  points  at  which  the  signal  intensity  was  measured. PLS model building 

encompasses the following steps: (i) data pre-processing, (ii) modelling, and (iii) validation. 

Each step in this process has an effect on the following steps. The steps are discussed below. 

Data preprocessing 

Data  pre-processing  is  an  important  step performed  prior  to  multivariate  data  analysis,  

as inappropriate  use  may  severely  biase  the  results  obtained. Data preprocessing involves 

different potential procedures, each one directed to correct for different artifacts present in the 

data. In this study, different methods to pretreat the data are applied and compared, i.e. 

Correlation Optimized Warping (COW), column centering (CC), normalization followed by 

column centering (N_CC), and standard normal variate followed by column centering 

(SNV_CC). When comparing chromatographic profiles of different samples, it is seen that peak 

shifts take place because liquid chromatography separations are prone to random time shifts as 

a result of slight variations in flow rate, gradient slope, and temperature as well as to column 

aging and the change of eluents from time to time.25 To overcome this problem, the 

chromatographs peaks are preferably aligned in order to obtain an adequate data matrix and 

analysis. The equivalent information about a given peak should for all samples be enclosed in 

the same column of the data matrix X. Alignment can  be  done  by  using an alignment  

algorithm.26,27 In particular, in this work, the Correlation Optimized Warping algorithm, which 

optimizes the person product-moment correlation (PPMC) coefficient between a sample and 

target chromatogram, was applied.28 The method requires two user-defined input parameters. 
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The chromatogram to be aligned (P) and the target chromatogram (T) are first divided into a 

user-defined number of sections with equal length (L). Both chromatograms are divided into N 

segments of length m (L/N). Each segment (w) is warped (i.e. expanded or compressed) using 

linear interpolation. The amount of warping for each segment is limited by the parameter called 

slack (t). The slack allows the section end points to shift with -t to t points. The PPMC 

coefficient is calculated ((Eq. 1)) for each permutation of adding or removing up to the number 

of data points specified by the slack. This process is repeated for each segment and the 

alignment is based on the highest global correlation coefficient for all segments. 

𝑃𝑃𝑀𝐶 =
𝑐𝑜𝑣(𝑡𝑎𝑟𝑔𝑒𝑡−𝑠𝑎𝑚𝑝𝑙𝑒)

𝑠𝑡𝑑(𝑡𝑎𝑟𝑔𝑒𝑡)𝑠𝑡𝑑(𝑠𝑎𝑚𝑝𝑙𝑒)
                                           (1) 

where  ″cov″  indicates  the  estimations  the  covariance  of  a  matrix  and  ″std’   the  standard 

derivation. 

After alignment, different additional preprocessing approaches were applied in order to remove 

interferences in the analysis.16 CC subtracts the respective column mean from each column 

element, every centered variable has a mean of zero.  CC also has the following outcomes (i) 

reduction the rank of the model, (ii) improvement to the fit of the model. Normalisation was 

used to remove undesired effects due to unequal amounts of injected samples. Chromatographic 

profiles of P. atlantica were normalized by division of each signal value for one sample by the 

sum of all signal values for that sample. Finally, SNV transformation, which corresponds to 

row centering followed by row scaling, was also examined in order to remove slope variation. 

Hereby each element of a row, i.e. a fingerprint, is centered as describes above and then scaled 

by the standard deviation calculated for each fingerprint individually 

Modelling 

PLS is a latent-variable (LV) regression technique, which expresses the relationship between X 

(of size n × p where p is the number of predictors) and y (of size n × 1 where n is the number 

of samples). This technique is based on using a number of independent latent variables of X to 

model one dependent y variable (antioxidant activity). The latent variables are defined so that 

the covariance is maximal.29 The fingerprints are projected on these LVs, resulting in scores on 

each PLS factor. The activity of a given sample can then be approximated by the weighted sum 

of its scores. The nonlinear iterative partial least squares (NIPALS) algorithm was used in the 

present study to implement PLS. Two fundamental calibration equations ((2) and (3)) are 

derived from the NIPALS algorithm.29 The regression coefficients of PLS (Eq. (4)) can   be   

used   to   evaluate   the contribution of the original variables to the final model  

X = TPT+  E                                                                                                              (2) 
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y= TPTb + f = Tq +f                                                                                                 (3) 

b=Pq                                                                                                                          (4) 

where X represents the n x p data matrix, y the n x1 response vector, Tthe n x n score matrix 

for X and y, P the  p x n loading matrix of X on T, q the n x 1 loading vector representing 

regression coefficients of y on T. E is the n x p residual matrix of X, f the n x 1 residual vector 

of y, and b the p x 1 vector of PLS regression coefficients. 

Validation 

An important aspect of PLS modeling is model validation, which is important to determine the 

complexity (i.e., the number of LVs) of the model.30 Selecting the correct complexity of the 

model (the best bias/variance trade-off) has always been challenging because, by selecting too 

many LVs, an over-fitting model is obtained, which not only describes the information of the 

data but also the noise, while the opposite occurs by selecting too few LVs resulting in an under-

fitting model, which incorporates insufficient information. Both under- and over-fitting may 

result in poor future model performance.31 A compromise must be found avoiding both under-

fitting and over-fitting. In this study, the optimum number of factors for the models was defined 

by applying leave-one-out CV (LOOCV). LOOCV is a practical and reliable way to test this 

predictive ability of a model.32 The LOOCV is conducted by excluding one sample from the 

data set, one at a time, then the model is built and the response of the removed sample is 

predicted by using the obtained model. Finally, the root mean squared error of cross-validation 

(RMSECV) is computed for the PLS models with increasing model complexities (LV= 1, 2, 

…), and a graph of RMSECV against the model complexities is made. The model with lowest 

RMSECV is then selected as optimal. 

 

RMSECV (𝑓) = √∑
(ŷcv,𝑖 − 𝑦𝑖)

2

𝑁

𝑁

𝑖=1

 

where f represents the model complexity, N the number of samples, yi the measured response for the ith 

sample, and ŷcv,i the corresponding response predicted by the calibration model obtained without the ith 

sample. The optimal complexity corresponds to the number of latent factors resulting in (nearly) the 

lowest RMSECV. 

Material and methods 

Chemicals 

Methanol, acetone, ethyl acetate, petroleum ether (boiling point 40-60°C), HCl (37%), 

FeCl2.4H2O, FeSO4, FeCl3.6H2O, Na2SO4, HPO3, K3FeCN6,hydrogen peroxide (H2O2), sodium 

(5) 
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salicylate and 2,2-diphenyl-1-picrylhydrazyl (DPPH•) were obtained from Sigma–Aldrich 

(Munich, Germany), potassium phosphate (monobasic and dibasic), trichloroacetic acid (TCA), 

and ascorbic acid were purchased from Riedel-de Haen (Seelze, Germany).Phenazine 

methosulphate (PMS), nicotinamide adenine dinucletide (NADH), Nitro blue tetrazolium 

(NBT), sodium nitroprusside and Griess reagent were purchased from Sigma-Aldrich 

(Steinheim, Germany). Pyrogallol red (PGR) and 2’-azo-bis-2- amidinopropane hydrochloride 

(AAPH) were purchased from Sigma Chemicals. (St. Louis, MO, USA). N,N-dimethyl-p-

phenylenediamine. 2HCl (DMPD), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS), 3-(2-pyridyl)-5,6-bis (4-phenyl-sulfonic acid)-1,2, 4-triazine 

(Ferrozine) were purchased from Fluka Chemical(Buchs, Switzerland). HPLC grade methanol 

and acetonitrile were both from Fisher Scientific, Leicestershire, UK trifluoroacetic acid (TFA) 

was obtained from Sigma–Aldrich, and ultra-pure water was made in house by a Sartorus Arium 

pro UV system (Sartorius Stedim Biotec, Goettingen, Germany).  

Plant materials 

Fresh leaves from male (n = 5) and female (n = 5) trees of P. atlantica Desf were collected 

periodically in the middle of each month, starting in April and ending October 2010. Trees with 

a similar age were sampled from two growing regions chosen along a transect of increasing 

aridity: Ain Oussera (medium arid) and Laghouat (arid) located at 200 and 400 km, 

respectively, south of Algiers, Algeria. The location of Ain Oussera (latitude 35°33' (N); 

longitude 02°31' (E); altitude 649 m) is characterized by an annual precipitation of 25 mm and 

a mean summer temperature of 37.8°C. The location of Laghouat (latitude 33°47' (N); longitude 

02°52' (E); altitude 750 m) is characterized by an annual precipitation of 18 mm and a mean 

summer temperature of 41.4°C. Both female and male trees were sampled each from the lower, 

central and upper tree parts in about equal amounts. Leaves of one gender (collected from five 

randomly selected trees) were carefully mixed, dried and then smashed manually, to a small 

particle size (sieved with 60 mesh sieves). Milled samples were stored until use in polyethylene 

bags under ambient temperature, away from sun and light. The plant material was identified by 

Prof. S. Belhadj (Department of Agropastoralism, Faculty of Science, AchourZian University, 

Djelfa, Algeria). A voucher specimen (PAUG-52S/08/10) was deposited in the herbarium of 

the Fundamental Sciences Research Laboratory at Laghouat University. 

Sample preparation 

The crude extract of P. atlantica leaves was prepared according to the method described 

previously in.18Two gram of each sample was macerated in 100 mL acetone:water (70:30, vv-

1) in the dark for 24 h at room temperature. The crude preparation was filtered, and the residue 
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re-extracted twice with 100 mL of the same hydro-acetonic solvent for 24 h at room 

temperature. The extract was filtered. The filtrates were combined. After removal of acetone 

under reduced pressure in a rotary evaporator at 50 °C, the aqueous phase was consequently 

extracted with 100 mL petroleum ether. The lower phase (aqueous phase) was recovered and 

the extraction was repeated three times for the removal of pigments and most of the lipids, 

which are dissolved into the upper phase. The lower aqueous phase was then extracted twice 

with 100 mLethyl acetate, in the presence of 1.0 mL ammonium sulphate  solution (20% , wv-

1) and 1.0 mL of meta-phosphoric acid (2%, vv-1). The two organic phases were combined and 

the residual water in the ethyl acetate was eliminated by adding 2 g anhydrous sodium sulphate, 

filtered and evaporated to dryness using a rotary evaporator at a temperature of 50 °C. The dry 

residue was redissolved in 10.0 mL absolute methanol and stored at -5 °C until analysis. 

Antioxidant activities 

DPPH (2,2-diphenyl-1-picrylhydrazyl) assay 

The DPPH assay was performed based on a paper by.24 The methanolic DPPH• solution 

(250µM) was prepared daily. Then, 1.0 mL of 25, 50 or 100 fold-diluted extract in methanol 

was mixed with 1.0 mL DPPH solution and incubated for 30 min in the dark, covered with 

aluminium foil. Immediately after mixing, at time t= 0 min (t0), and after 30 min, the 

absorbances were measured at 517 nm. A standard curve was prepared by determining the 

decrease in absorbance of the DPPH radical solution over a period of 30 min with different 

concentrations of ascorbic acid (0.002-0.016 mgmL-1). The DPPH radical scavenging activity 

(RSA) was reported as ascorbic acid equivalent antioxidant capacity (AAEAC) and expressed 

as mg ascorbic acid equivalents per g dry leaf weight.33AAEAC was calculated using the 

following equation:  

AAEAC= (∆Asample/ K) x D x V x (1/Wsample)                                          (6) 

where ∆Asample is the change in absorbance in the presence of extract, K  the slope of the standard 

curve, D  the dilution factor (25, 50 or 100) of the  extract, V  the total extract volume  (10 mL) 

and Wsample the sample weight used for extraction (g). Each sample was prepared in triplicate 

and the average AAEAC calculated. 

DMPD•scavenging activity 

The DMPD assay was performed according to the method described by.34 DMPD, 100 mM, 

was prepared by dissolving 209 mg DMPD in 10 mL deionized water, and 1.0 mL of this 

solution was added to 100 mL 0.1 M acetate buffer (pH 5.3), and the purple/red colored radical 

cation (DMPD) was obtained by adding 0.2 mL of a solution of 0.05 M ferric chloride 

solution. Absorbance was measured at 505 nm and the solution diluted to an absorbance of 



11 
 

0.750±0.06. The DMPD radical cation is stable up to 12 h at room temperature. Then, 0.5 mL 

of 5, 10 or 20-fold methanol-diluted extract was pipetted in the test tubes and 1.0 mL DMPD•+ 

solution was immediately added. The samples were vortexed and incubated in the dark at room 

temperature for 10 min. Absorbance was measured at 505 nm. A standard curve was prepared 

by determining the decrease in absorbance of the DMPD radical solution over a period of 10 

min with different concentrations of ascorbic acid (0.01-0.08 mgmL-1). Results were reported 

as AAEAC (Eq. (6)) and expressed as mg ascorbic acid equivalents per g dry leaf weight. Each 

sample was prepared in triplicate and the average AAEAC calculated. 

ABTS•scavenging activity 

The ABTS radical scavenging activity was measured according to the method described by.35 

ABTS radical cation (ABTS•+) solution was prepared by mixing 14 mM ABTS and 4.9 mM 

potassium persulfate aqueous solutions in equal volumes. The solution was allowed to react in 

the dark at room temperature for 16–20 h, before use. Then, 1.0 mL of the solution was diluted 

with 40 ml ethanol to yield a working ABTS solution with an absorbance at 734 nm of 0.710 ± 

0.025. To 750 µL ABTS working solution, 750 µL of 25, 50 or 100-fold methanol-diluted 

extract was added in test tubes. The absorbance of each solution was determined after 6 min at 

734 nm using a UV–Visible spectrophotometer. A standard curve was prepared by determining 

the reduction in absorbance of the ABTS radical solution over a period of 6 min with different 

concentrations of ascorbic acid (0.01-0.06 mgmL-1). Results were reported as AAEAC (Eq. (6)) 

and expressed as mg ascorbic acid equivalents per g dry leaf weight. Each sample was prepared 

in triplicate and the mean AAEAC results calculated.  

Potassium ferricyanide (K3Fe(CN)6) reducing power capacity (RPC)  

 The reducing power of the P. atlantica leaf extracts was determined according to the method 

described by.24 2.5 mL of 50, 100 and 200 fold methanol-diluted extract was mixed with 2.5 

mLphosphate buffer 200 mM, pH 6.6 and 2.5 mL 1% potassium ferricyanide.The mixture was 

incubated at 50°C for 20 min. Then, 2.5 mL TCA (10% wv-1) was added and the mixture 

centrifugated for 10 min at 1000 g (Universal 32 R, Hettich, Tuttlingen, Germany). 2.5 mL 

supernatant was added to glass tubes containing 2.5 mL distilled water and 0.5 ml FeCl3.6H2O 

(0.1%, wv-1). The absorbance of the resulting solution was measured at 700 nm using distilled 

water as control solution. The reducing power activity was estimated from a standard curve, 

based on a set of ascorbic acid solutions (0.05-0.3 mgmL-1).  Results were reported as AAEAC 

(Eq. (6)) and expressed as mg of ascorbic acid equivalents per g of dry leaf weight. Each sample 

was prepared in triplicate and the mean AAEAC results calculated. 
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Metal chelating activity (Mch) 

The ferrous ions (Fe2+) chelating activity was measured by inhibiting the formation of Fe2+–

ferrozine complex after treatment of test material with Fe2+, following the method of Liu et al.36 

400 µL of 15, 30 or 45-fold methanol-diluted extract was mixed with 100 µL0.6 mM FeCl2 

solution. After 5 min, the chelating reaction was initiated by adding 1.0 mM ferrozine solution 

(100µL). Then, the mixture was shaken vigorously and left at room temperature for 10 min. 

Absorbance of the solution was then measured spectrophotometrically at 562 nm. The chelating 

activity was estimated from a standard curve based on a set of ascorbic acid solutions (0.005-

0.04 mgmL-1).  Results were reported as AAEAC (Eq. (6)) and expressed as mg ascorbic acid 

equivalents per g dry leaf weight. Each sample was prepared in triplicate and the mean capacity 

calculated. 

Hydroxyl radical (•OH) scavenging potential assay  

The OH scavenging activity was measured according to the procedure described in.37 •OH 

radicals were generated from the reaction between FeSO4 and H2O2, and detected by their 

ability to hydroxylate salicylate. The reaction mixture (2.0 mL) contained 0.5 ml FeSO4 (1.5 

mM), 0.35 mL H2O2 (6 mM), 0.15 mL sodium salicylate (20 mM), and 1.0 mL of 100, 200 or 

300-fold methanol-diluted extract. After incubation for 1 h at 37°C, the absorbance of the 

hydroxylated salicylate complex was measured spectrophotometrically at 562 nm. The •OH 

scavenging activity was estimated from a standard curve based on a set of ascorbic acid 

solutions (0.06-0.58 mgmL-1). Results were reported as AAEAC (Eq. (6)) and expressed as mg 

ascorbic acid equivalents per g dry leaf weight. Each sample was prepared in triplicate and the 

mean capacity calculated. 

Nitric oxide radical (NO•) scavenging potential assay  

The in-vitro nitric oxide scavenging activity was estimated based on the method described 

in.381.0 mL of 10, 20 or 30-fold methanol-diluted extract is mixed with 1.0 mL of sodium 

nitroprusside (10 mM, aqueous) and 1.0 mL buffer (sodium phosphate buffer, 0.2M, pH 7.4) 

were added. The mixture is incubated at room temperature for 150 min followed by the addition 

of 100µL Griess reagent (1% sulphanilamide, 0.1% naphthylethylenediamine dichloride and 

3% phosphoric acid). The pink chromophore, generated during diazotization of nitrite ions with 

sulphanilamide and subsequent coupling with N-naphthyl ethylene diamine dichloride is 

measured spectrophotometrically at 540 nm. The NO•scavenging activity is estimated from a 

standard curve based on a set of ascorbic acid solutions (0.02-0.125 mgmL-1). Results were 

reported as AAEAC (Eq. (6)) and expressed as mg ascorbic acid equivalents per g dry leaf 

weight. Each sample was prepared in triplicate and the average AAEAC calculated. 
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Peroxyl radical  (ROO•) scavenging potential assay 

The peroxyl radical scavenging activity was determined by the method described in.39 First, 300 

µL of 200, 300 or 400-fold methanol-diluted extract was mixed with 3.0 mL 30 µM PGR 

solution. Then, 50 µL 600 mM AAPH solution was added to initiate the reaction. The samples 

were allowed to stand during 2 h at 37°C. The absorbance was measured at 540 nm. The 

scavenging activity was estimated from a standard curve based on a set of ascorbic acid 

solutions (0.005-0.025 mgmL-1). Results were reported as AAEAC (Eq. (6)) and expressed as 

mg ascorbic acid equivalents per g dry leaf weight. Each sample was prepared in triplicate and 

the mean AAEAC results calculated. 

Superoxide radical (O2
•) scavenging potential assay 

The superoxide anion scavenging activity was measured based on the method described in.40 

1.0 mLof  2, 4 or 6-fold methanol-diluted extract was mixed with 1.0 mL 0.48 mM β-

nicotinamide adenine dinucleotide (NADH), and 1.0 mL 0.10 mM NBT, prepared in 0.01 M 

phosphate buffer (pH = 7.4) was added. To initiate the reaction, 100 µL fresh solution of 60 

µM PMS prepared in 0.01 M phosphate buffer (pH=7.4), was added. After standing for 15 min 

at 30 °C, absorbance was read at 560 nm. The scavenging O2
• activity was estimated from a 

standard curve based on a set of ascorbic acid solutions (0.005-0.025 mgmL-1). Results were 

reported as AAEAC (Eq. (6)) and expressed as mg ascorbic acid equivalents per g dry leaf 

weight. Each sample was prepared in triplicate and the mean capacity results calculated. 

Development of HPLC fingerprints  

HPLC fingerprints of the 28 P. atlantica samples have been developed and optimized as 

described in.24 The stationary phase consists of two coupled ChromolithTMPerformance RP-18e 

columns (100 mm × 4.6 mm I.D.) with a ChromolithTM guard column RP-18e (5 mm × 4.6 mm 

I.D.) purchased from Merck (Darmstadt, Germany). The mobile phase consisted of (A) 0.1% 

acetic acid in ultra pure water, and (B) methanol. A gradient elution was applied; 0 min, 95:5 

v/v; 20 min, 80:20; 50 min, 70:30; 60 min, 55:45; 65 min, 95:5; 80 min 95:5. The column 

temperature was 25 °C, the flow rate 1.0 mL min−1, the injection volume 10 µL, and the 

detection wavelength was set at 254 nm. 

Results and discussion  

The results of the different antioxidant assays on 28 extracts were compared and correlated. 

Table 1 summarizes the results expressed in terms of ascorbic acid equivalent antioxidant 

activity. The AAEAC value reflects the amount of ascorbic acid required to produce the same 

radical scavenging activity as 1 g of the plant sample in a given assay. As shown in Table 1 and 

Figure 1, the AAEAC values for a given sample obtained by different methods was found to be 
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diverse. The average values (and standard deviations) with the stable synthetic free radicals 

were the following: DPPH: 467, DMPD: 32 and ABTS: 249mg AAEg-1 dry leaf. 

The AAEAC values found by the DPPH assay were about 14 and 2-times higher than those 

obtained by DMPD and ABTS, respectively. This difference may be due to the presence of 

antioxidants that can selectively react with the fast reacting DPPH• radicals. 

The mechanism of reaction involved and the information obtained by the K3FeCN6 assay are 

different from the DPPH•, ABTS• and DMPD•radical assays. The RPC assay is based on an 

electron transfer by the antioxidants to the ferric ion complex, while the DPPH•, ABTS• and 

DMPD•assays are based on the transfer of an electron or a hydrogen atom from the antioxidants 

to the radicals. The DPPH•, ABTS• and DMPD• assays provide information about the radical 

scavenging ability of antioxidants, while RPC illustrates their reducing ability. The mean 

AAEAC value of the P. atlantica extracts found for the RPC assay were 509 ±30 mgAAE g-1 

dry leaf. The TAC values from RPC were higher than those from the DPPH•, ABTS• and 

DMPD• assays.  

Transition metal ions can accelerate lipid oxidation reactions by hydrogen abstraction and 

peroxide decomposition, leading to the deterioration of flavour and taste in food. Chelating 

agents that form σ bonds with the metal are effective as secondary antioxidants because they 

reduce the redox potential, thereby stabilizing the oxidized form of the metal ion.33The 

chelating capacity for ferrous ions by the 28 extracts of P. atlantica leaves was estimated by 

the ferrozine assay (Mch). All tested P. atlantica extracts exhibited metal chelating activity 

(Table 1). The average AAEAC value was found to be 67 mg AAEg-1 dry leaf. These results 

reveal that antioxidant compounds interfered with the formation of the ferrous–ferrozine 

complex, suggesting that their main action as a peroxidation inhibitor may be related to their 

iron binding capacity. 

Methods for determining the scavenging ability of reactive oxygen species and of reactive 

nitrogen species, such as the hydroxyl radical, nitric oxide, peroxyl and superoxide, have been 

developed to estimate the antioxidant activity of hydrogen donating antioxidants (scavenging 

aqueous phase radicals). The average AAEAC values to scavenge the biological free radicals 

OH•, NO•, ROO• and O2
•were 12318, 438, 4312 and 51.5 mg AAEg-1 dry leaf, 

respectively. The TAC value of the •OH assay was around 3, 5 and 30 times higher than those 

obtained by the ROO•NO•and O2
•assays, respectively.  

The nine methods thus show different results for the same extract. This reflects differences in 

the abilities of the antioxidants of the P. atlantica extracts to quench free radicals in-vitro. 
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Furthermore, high TAC values were found using the stable free DPPH and ABTS radicals 

(except DMPD), while low values were obtained by the •OH, NO•, ROO• and O2
•assays. This 

may indicate that the electron-donating capacity of a P. atlantica extract is larger than the H-

atom donating capacity. This finding is in accordance with the results obtained by the RPC 

assay, which has the highest antioxidant capacity, and which is thought to be due to the electron- 

donating ability. As reported earlier24, P. atlantia leaves extract is dominated by phenolic 

compounds. However, these compounds might be subjected to some chemical reactions 

(dimerization, polymerization)41,42 that can yield additional electrons, which contribute to the 

reduction of iron and increase the AAEAC values. Such chemical reactions may explain the 

high RPC value compared to the other assays. Hotta et al.42 reported that the dimerization and 

polymerization reactions of polyphenolic antioxidants can form new oxidizable –OH moieties 

in their reaction products resulting in a higher antioxidant activity. 

A  direct  comparison  with the  data  obtained in  previous  studies is not possible,  since  the  

results  are expressed differently, e.g. IC50 (concentration  required  for  50%  inhibition  of free  

radical  ),  percent inhibition or  TEAC (Trolox-equivalent antioxidant capacity). Even results 

expressed in the same way may vary. For instance, comparison of IC50 from different studies 

cannot be done, as this value is dependent on the initial concentration of DPPH• in the reaction  

mixture,  and  on  the  ratio  between  the  amount  of  DPPH•  and  the  amount  of antioxidant.  

Pearson’s correlation coefficients between the nine antioxidant activities were calculated and 

are presented in Table 2. Correlation coefficient was considered high if r ≥ 0.6.43A rather low 

correlation was observed between the different antioxidant activities (Table 2) except between 

the DPPH activity and Mch (r = 0.759). The lack of correlation between results obtained 

through the different assays, indicate that the antioxidants may respond in a different manner 

to different radical or oxidant sources. These findings are in agreement with the literature that 

demonstrates how a single assay is insufficient to evaluate the TAC. The activity depends on 

the substrate, the reaction medium, the oxidation conditions, interfacial phenomena and the 

antioxidant partitioning properties between aqueous phase and organic phase.15 For this reason, 

the data obtained by different researchers are extremely difficult to compare. There is thus a 

great need to standardize antioxidant testing to minimize the present chaos in the methodologies 

used to evaluate antioxidants. 

As a consequence, recent studies involving chemometric tools on a complete chromatographic 

profile to indicate the bioactive (antioxidant) compounds in plant material are proposed.16 

According to an earlier study 44, some important compounds of P. atlantica leaves (phenolic 

compounds) involved in regular metabolic processes showed to be effective in-vitro radical 
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scavengers. For a comprehensive evaluation of the radical scavenging profiles, the next step in 

our study was to model the TAC as a function of chromatographic data in order to identify 

antioxidant markers. 

Data analysis  

Data preprocessing 

As observed in Figure 2(a), some shifts in the retention times occurred between the fingerprints, 

demonstrating the need for alignment of the corresponding peaks. To resolve this problem, the 

COW alignment procedure for P. atlantica fingerprints was applied. The target chromatogram 

was selected based on having the highest correlation with all the chromatograms in the sample 

set. For the alignment of these data sets towards a target chromatogram, it was determined that 

the optimal number of two parameters for warping. N, expressed as the length of the segment 

was set to 380 to 420 data points and t was varied between 120 and 180 data points. The COW 

procedure resulted in well-aligned chromatograms (Fig. 2 (b)) which exhibited high correlation 

with the target chromatogram (mostly above 0.90). 

[Figs. 2 (a) and (b)] 

After peak alignment, additional data pretreatments were applied. SNV_CC was found to be 

most appropriate, resulting in the best models. Visual examination of the fingerprints (Fig. 2 

(b)) obtained from P. atlantica samples reveals highly similar chromatographic profiles and 13 

peaks are identified as common peaks in the P. atlantica leaves. 

Multivariate calibration 

Since the total number of samples (28) is rather small and since prediction for new samples was 

not our first concern, no division was made into a calibration set to build a PLS model and a 

test set to validate the predictive properties. Predication was evaluated by cross validation 

(Table 3). It also should be noticed that the actual data set is less well suited to build predictive 

models for the antioxidant activity, given the high fraction of non-active samples. However, 

our main concern is to focus on the indication of antioxidant peaks from the modeling results. 

PLS models were built from the data matrix X, containing the 28 of P. atlantica fingerprints, 

and the response vector y, i.e. the AAEAC test results. The optimal model complexity was 

determined from RMSECV applying LOO-CV, calculated for models with different numbers 

of PLS components. In general, the simplest model with (nearly) the lowest RMSECV was 

chosen. Both the influences of the three preprocessing approaches and of the nine series of 

antioxidant test conditions on the predictive ability of the PLS resulting models were evaluated. 

The RMSECV’s of the different PLS models are given in Table 3. 
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In order to indicate in the fingerprints those peaks potentially responsible for the antioxidant 

activity of the measured samples, the regression coefficients of the models are plotted. In the 

regression coefficients plots, peaks, both negative and positive, can be noticed (Figs. 3-6, S1-

S5). The larger positive coefficient peaks (indicated with an arrow in Figs. 3-6, S1-S5) 

correspond to compounds possibly linked with an antioxidant activity in the considered test 

(AAEAC increased with an increase in peak area of the compound). 

Comparison of ABTS, DPPH and DMPD results 

The regression coefficients suggested that 2 major positive peaks (peaks 3 and 8) were 

considered important for the prediction of TACABTS (Fig. 4), while 1 compound (peak 1) was 

considered important for predicting the TAC in the TACDMPD of P. atlantica (Fig. 5). 

Furthermore, the regression coefficients of the DPPH model indicated three peaks (peaks 2, 3 

and 8) as being important for scavenging the free radical DPPH (Fig. 3). Some antioxidant 

compounds were seen to react with both ABTS•and DPPH• radicals (peaks 3 and 8), while 

others reacted only with one of them (peaks 1 and 2 for DMPD•andDPPH• respectively). This 

may be due to dissimilarities in the structures of the DPPH•, ABTS• and DMPD• radicals, 

which may bring about changes in their reactivity towards antioxidants. A changeable 

mechanism of ABTS• + and DMPD• +   deactivation (HAT or SET) is considered one of the most 

important weaknesses of these two assays. The mechanism may shift with pH and may change 

during reactions of slowly reacting antioxidants. In contrast, the DPPH reacts only with 

compounds that can donate a hydrogen atom. Moreover, it is commercially available, and thus 

does not have to be generated as ABTS and DMPD.  Furthermore, DPPH• is likely to be more 

selective than ABTS• +   and DMPD• +    in the reaction with hydrogen donors.  

It was observed that the number of antioxidants (3 compounds) reacting with DPPH was higher 

than with ABTS (2 compounds) and DMPD (1 compound), which confirms the trend of the 

AAEAC values in the DPPH, ABTS and DMPD assays (Table 1). This difference may be due 

to the kinetics of the radical scavenging reactions in the three assays. The radical scavenging 

time in the DPPH assay is 30 min, whereas the DMPD and ABTS assays require 10 and 6 min, 

respectively. Therefore, the short incubation periods may be not efficient for substances that 

react slowly with ABTS•+ and DMPD• and require longer reaction times, for example, also 30 

min. This may cause shifts in the observed reactivity of antioxidants, and the values of the same 

substance may vary significantly depending on the end-point of analysis. Another reason for 

the difference between the assays may be due to the fact that the antioxidant compounds reacted 

differently with the free radicals in aqueous phase (ABTS and DMPD assays) and organic phase 
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(DPPH assay). Some specific interactions, such as hydrogen bonding of the antioxidant with 

the solvent may have a marked effect on the activity of individual antioxidants. The ABTS• 

and DMPD• methods have positively charged chromophore probes that strongly interact with 

the solvent water by ion-dipole interactions, and therefore respond less to the antioxidants This 

effect can be explained by the fact that hydrogen bonding solvents generally decrease hydrogen 

atom transfers because they interact with both the free radicals (ABTS•or DMPD• and the 

antioxidant compounds, thus blocking the reaction. The strength of the hydrogen bonds between 

the antioxidant and the solvent depends on the hydrogen-bond basicity of the solvent (i.e. its 

ability to accept a hydrogen bond) and the hydrogen-bond acidity of the antioxidant.45 

Less antioxidant compounds in P. atlantica leaves are found to react less with DMPD than with 

the other free stable radicals, such as DPPH and ABTS. This may be due to the fact that the 

DMPD assay is performed in acidic environment at pH 5.3, while the DPPH and ABTS assays 

are carried out at neutral pH. It should be noted that the radical scavenging capacity is increased 

with increasing pH, i.e. the deprotonation of phenolic OH moiety occurs with increasing pH of 

the medium. This may affect the ionization equilibrium of antioxidant compounds and cause a 

reduction in the HAT of the reaction rate from the antioxidant to DMPD radical. It has been 

reported that antioxidant compounds, such as phenolic compounds, having weakly acidic -OH 

groups and dissociating to a larger extent at higher pH become more susceptible to oxidation. 

Thus, most single-electron transfer (SET) reactions occur at a higher rate at higher pH.15 

Only one compound (peak 3) reacted with DPPH but was not able to scavenge ABTS, which 

indicates that this substance has a redox potential higher than 0.68V, the redox potential of 

ABTS. Thermodynamically, any compound with a redox potential lower than that of ABTS•+ 

may react with the radical.46 It is generally assumed that the two radical scavenging assays, 

ABTS and DPPH, behave in a similar way towards the antioxidants (Figs. 3 and 4).47 Our results 

agree with this statement. 

Reducing power capacity 

Antioxidants can either reduce Fe3+ in solution to Fe2+, which binds the ferricyanide to yield 

Prussian blue, or reduce the ferricyanide to ferrocyanide, which binds the free Fe3+ in the 

solution and forms Prussian blue. Prussian blue is produced as the end product, which is 

quantified spectrophotometrically and indicates the reducing power of the antioxidants tested.48 

More antioxidants in P. atlantica leaves are found to react with RPC than in the above discussed 

methods (Fig. 6). The regression coefficients indicated that 4 major positive peaks, 

corresponding to compounds 1, 2, 11 and 13 are potentially responsible for the results in TAC 
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RPC. Some compounds (3 and 4) had simultaneously negative regression coefficients in the RPC 

model and positive in the DPPH and ABTS models. This could indicate that those two 

compounds act by a principle other than electron donation and can deactivate radicals only by 

the HAT mechanism.  

Because the redox potential of ferric reduction (0.70 V) is comparable to that of ABTS•+ (0.68 

V), similar compounds are expected to react in both the RPC and ABTS assays.49 The results 

observed in our study (see Figs. 4 and 6) are, however, contrary to this statement, i.e. the 

substances 1, 2, 11 and 13 of P. atlantica that reduce Fe3+/ferricyanide complex did not  

scavenge ABTS. A possible explanation may be the slow reaction of many compounds with 

ABTS.50 

The RPC assay measures the ferric reducing ability of a sample. It is different from the DPPH, 

ABTS and DMPD assays, because there are no free radicals or oxidants applied in the assay. 

The antioxidant capacity of P. atlantica extract against a free radical does not necessarily match 

its ability to reduce Fe3+ to Fe2+. As can be seen in Figs. 3-6, compounds 1 and 2 have positive 

regression coefficients for the RPC model, while the influence in the DMPD and DPPH 

measurement activities is much less clear. This may be due to different steric effects between 

the oxidant molecules and the K3FeCN6 complex (in RPC assay) on the one hand and the 

DMPD or DPPH radicals on the other. 

Chelating capacity  

The chelating capacities for ferrous ions in the 28 samples of P. atlantica leaves were estimated 

by the ferrozine assay. The latter can quantitatively form complexes with Fe2+. In the presence 

of co-existing chelating agents, complex formation is inhibited and the red colour of the 

complex fades. Measurement of the colour reduction therefore allows estimating the metal 

chelating activity of the co-existing chelator (phenolic compounds).51 The regression 

coefficients of the metal chelating model (Supplementary material Fig. S1) suggested 2 major 

peaks (3 and 8) potentially interfering with the formation of the ferrous–ferrozine complex and 

able to capture the ferrous ion before complexation with ferrozine, while the other compounds 

had negative regression coefficients (except compound 12). Furthermore, some differences 

appear between the chelating model and the other models. For instance, compound 1 contributes 

negatively to the chelating model and positively to the DMPD, RPC, ROO•and O2
•models 

(see Table 4). This difference may be due to the fact that the metal chelation activity is related 

to a specific chemical structure. It was reported that compounds with structures containing two 

or more of the following functional groups, C=O, –COOH, –OH and –O–, in a favorable 

structure-function configuration, can show metal chelating activity.52These findings suggest 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3033659/#SD1
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that the P. atlantica leaves extract contains compounds with different structural complexity and 

distinct antioxidant activities. 

The comparative study showed that the interpretation of the results obtained by ABTS, DMPD, 

DPPH, Mch and RPC assays must be done with care taking into consideration drawbacks and 

limitations of each assay. Because of the purely SET reaction mechanism, the RPC results can 

be useful when combined with these of other antioxidant activity assays, in distinguishing 

which protective mechanism is dominant for different antioxidants. 

 Assays with reactive species 

However, it may also be important to develop assays using reactive species (ROS/RNS), such 

as ROO• O2
•, •OH, andNO•, because these are regularly produced in food and biological 

systems and may damage biomolecules.53 Therefore, to measure the activity of an antioxidant, 

a competitive reaction scheme is important because it reflects the relative reaction of the ROS 

with antioxidants and substrates.49 

The relevance of ROO• in foods and biological systems fostered the development of methods 

measuring the inhibitive action against peroxyl radicals. Peroxyl radical scavenging activity 

was assayed by two competitive reactions where scavengers present in the P. atlantica extracts, 

and/or Pyrogallol Red (PGR) as target molecules react with ROO•, generated by AAPH. In the 

ROO• model (Supplementary material Fig. S2), compounds 1, 4, 6, and 8 (splitted coefficients 

peaks) seem responsible for scavenging the free radical ROO•by inhibiting or retarding the 

oxidation of the target molecule (PGR) induced by peroxyl radicals.  

Hydroxyl radicals are the major reactive oxygen species causing lipid oxidation and enormous 

biological damage.54These highly damaging radicals, resulting from Fenton-type reactions, 

may also emerge from the radiolysis of water. However, the regression coefficients of the 

hydroxyl model (Supplementary material Fig. S3) suggest that only one compound (4) was 

considered important for predicting the TACOH, which indicates that this compound is a proton 

donor and could react with free radicals, convert them to more stable products, and can 

terminate a radical chain reaction. Such compound may potentially serve as anticancer agent 

by inhibiting the interaction of hydroxyl radical with deoxyribonucleic acid. The extracts from 

P. atlantica leaves thus contain one compound, which is providing higher radical scavenging 

activity against OH(Table 1) than against NO•, O2
• and  ROO•. 

Nitrogen monoxide, a short-living, free radical carrying an unpaired electron, is one of the 

smallest molecules synthesized in the biological system that may cause neuronal damage, 

especially in conjunction with other ROS, such as the superoxide radical to form the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3033659/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3033659/#SD1
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peroxynitrite radical.55 The nitric oxide radical has been widely used to test the ability of 

compounds to act as free radical scavengers. The regression coefficients of this model indicated 

that 2 major positive peaks (9 and 13) are potentially responsible for the NO scavenging 

(Supplementary material Fig. S4). This result reveals that substances 9 and 13 compete with 

oxygen to react with NO• and thus inhibit the generation of the nitrite and peroxy nitrite anions. 

Measuring the NO-radical scavenging activity was namely based on the principle that sodium 

nitroprusside in an aqueous solution at physiological pH spontaneously generates nitric oxide, 

which interacts with oxygen to produce nitrite ions which can be estimated using a Griess 

reagent. Scavengers of nitric oxide, lead to a reduced production of nitrite ions which can be 

monitored at 546 nm. The conclusion thus is that compounds 9 and 13 of the P. atlantica 

extracts may have the property to counteract the effect of NO• formation and in turn may be of 

considerable interest in preventing the negative effects of excessive NO• generation in vivo. 

Superoxide anion (O2
•), the one-electron-reduced form of molecular oxygen, is one of the most 

frequent free radicals. The scavenging effects of the P. atlantica leaves extracts on the 

superoxide radical was assessed by PMS–NADH–nitroblue tetrazolium system.40 In this 

method, superoxide radicals are generated in the PMS–NADH system by oxidation of NADH 

and assayed by the reduction of nitroblue tetrazolium (NBT). The decrease in absorbance at 

560 nm with antioxidants indicates the consumption of superoxide anion in the reaction 

mixture. The regression coefficients of superoxide anions model indicated that one major 

positive peak (1) was considered important for inhibiting the superoxide anion (Supplementary 

material Fig. S5). It can be suggested from these results that compound 1 extracted from P. 

atlantica leaves donated a proton to the superoxide and scavenge it to prevent further interaction 

with NBT, followed by inhibition of the formation of blue colored formazan product.40 Less 

antioxidant compounds in P. atlantica leaves are found to react with O2
•than with the other 

free radicals models, such as ROO•, •OH, and O2
•which confirms the results of Table.1, i.e 

that lower values of AAEAC are found for scavenging superoxide anion than for the other 

assays.  

The AAEAC values obtained by the NO•, •OH, ROO• and O2
• assays differed substantially. 

Further, the PLS models resulting from assays with the  same average values of AAEAC, e.g. 

the NO• and ROO•assays indicate different antioxidant compounds  as  2 compounds seem to 

determine the NO•activity, while  4 compounds affect the ROO•These results suggest that the 

relationship between antioxidant compounds and antioxidant activities for scavenging NO•, 

OH•, ROO• and O2
• radicals is complicated. The occurrence of many antioxidant compounds 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3033659/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3033659/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3033659/#SD1
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does not necessarily result in a high measured antioxidant activity. The structure of the 

antioxidant compounds is a key determinant for their radical scavenging activity. That is why 

the P. atlantica extract containing a high number of antioxidant compounds, reacted, for 

instance, against ROO• radicals but did not provide the AAEAC highest value (Table 1). 

In an earlier study24, the identities of thirteen peaks of P. atlantica leaves extract were confirmed 

by to their accurate mass data generated by an electrospray ionization quadrupole time-of-flight 

tandem mass spectrometer (ESI-QTOF-MS), their molecular formula, and UV–Vis maximal 

absorbance. These compounds were glucogallin (peak 1), gallic acid (peak 2), galloylquinic 

acid (peak 3), gentisic acid (peak 4), galloylshikimic acid (peak 5), unidentified compound 

(peak 6), methygallate (peak 7), quinic acid (peak 8), digalloylquinic acid (peak 9), digallic 

acid (peak 10), trigalloylglucose (peak 11), tetragalloylglucose (peak 12), and 

tetragalloylquinic acid (peak 13). Thus, phenolic compounds might be the major components 

responsible for the antioxidant activity of P. atlantica leaves. The antioxidant activity of each 

individual compound may differ due to the different mechanisms involved. 

From the non-biological radicals models it was found that gallic acid (peak 2) was responsible 

for scavenging the free radical DPPH. Furthermore, the regression coefficients suggested that 

two compounds galloylquinic acid (peak 3) and quinic acid (peak 8) were considered important 

for predicting the TAC in both TACDPPH• and TACABTS•. Glucogallin (peak 1) seems to be 

mainly responsible for scavenging DMPD radicals. 

Glucogallin (peak 1), gallic acid (peak 2), trigalloylglucose (peak 11) and tetragalloylglucose 

(peak 12) seem to determine the reducing power capacity while galloylquinic acid (peak 3)  and 

quinic acid (peak 8) affect the metal chelating activity . 

Based on the PLS regression results, the compounds of P. atlantica leaves to scavenge ROS 

and RNS are classified in 3 groups. The compounds of the first group (glucogallin and gentisic 

acid) are able to scavenge the main ROS; glucogallin (peak 1) seems to determine the ROO• 

and O2
• activities, while gentisic acid (peak 4) affects the ROO• and OH• radicals. The second 

group comprised two compounds, quinic acid (peak 8) and an unidentified compound (peak 6), 

which were found to be effective to scavenge ROO•The third group contains compounds  

digalloylquinic acid (peak 9) and tetragalloylquinic acid (peak 13), which were effective to 

scavenge the NO• radical.  More antioxidant compounds in P. atlantica leaves are found to react 

with ROOfour compoundsthan with NO•two compounds•OH one compound, and 

O2
•one compound. This might be due to the differences in reactivities of the antioxidant 

compounds towards NO•, OH•, and O2
•The capacity of phenolic compounds to scavenge free 
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radicals is attributed to their hydrogen-donating properties. The availability of the hydroxyl 

groups closely depends on the molecular conformation, which may modify the reactivity of 

molecules.56,57

The PLS regression models of scavenging ABTS•+, DPPH•,  DMPD•+, ROO••OH, NO•and 

O2
•radicals, of reducing power and of metal chelate from the P. atlantica leave extracts 

indicate that eight  major peaks  (Glucogallin (peak 1), gallic acid (peak 2), galloylquinic acid 

(peak 3), gentisic acid (peak 4), unidentified compound (peak 6), quinic acid (peak 8), 

trigalloylglucose (peak 11) and tetragalloylquinic acid (peak 13) in the HPLC-UV 

chromatograms are considered important for predicting the different TAC values. 

Our results demonstrated for the first time that P. atlantica leave extracts not only exhibited 

free radical scavenging of non-biological radicals, such as ABTS•+, DPPH•  and DMPD•+, but 

were also potent in scavenging reactive oxygen species of biological relevance, such as 

ROO••OH, and O2
•radicals, and reactive nitrogen species such as NO•. This free radical-

scavenging property may be one of the mechanisms by which P. atlantica is useful as a 

traditional medicine. From the data (Figs. 3-6, S1-S5), it was clear that the correlation of the 

chromatographic fingerprints to the TAC values of the extracts couldn’t be reduced to one or 

two marker compounds. These results confirm that no individual TAC assay will truly reflect 

the ''total antioxidant capacity'' of a particular sample. Ideally, an approach dealing with 

antioxidant activity assessment should have a mix of SET-based and HAT-based assays, 

encompassing several different radical types. 

In order to standardize methods to estimate the antioxidant activity of given samples, the results 

obtained by the different PLS models were combined. The combination that indicated a high 

number of antioxidants is selected. Consequently, we recommend using the DPPH and RPC 

assays combined with the ROO assay to evaluate the overall antioxidant capacity. These three 

assays allow indicating all eight antioxidant compounds that were predicted by the nine 

different test assays (Table 4).These three assays are very simple, inexpensive and frequently 

employed for the determination of the antioxidant activity. ROO and DPPH assays give 

information about the radial scavenging ability of antioxidants, while the RPC assay quantifies 

the reducing ability of antioxidants. 

The results indicate that galloylquinic acid (peak 3) and unidentified compound (peak 6) react 

with ROO, but did not scavenge DPPH or reduce Fe3+ to Fe2+. These results reinforce the idea 

that the antioxidant capacity of a specific matrix should be evaluated against different ROS, 

allowing to obtain the complete profile of the antioxidant capacity. 
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Conclusions 

To define a standardized methodology for the determination of the antioxidant capacity of 

Pistacia atlantica herbal extracts, HPLC fingerprints of 28 samples are developed and the 

antioxidant activities investigated in nine chemical assays.  

Prior to the construction of multivariate calibration models, the fingerprints were pre-treated 

using several techniques, such as column centering; normalization followed by column 

centering, and standard normal variate transformation followed by column centering; each after 

initial alignment of the chromatographic profiles with correlation optimized warping. Then, the 

antioxidant activities of the samples were modeled as a function of the fingerprints using PLS.  

Normalization followed by column centering was found to be most appropriate, resulting in the 

best models. The peaks potentially responsible for the antioxidant activity of the samples were 

indicated studying the regression coefficients of the models. Combining the results obtained by 

the different PLS models allows standardizing a methodology to estimate the antioxidant 

activity of herbal extracts. Considering the PLS models, we recommend using the  DPPH  and  

RPC  assays,  combined  with  the  ROO• assay  to  evaluate  the  global  overall antioxidant 

capacity of P. atlantica leaves. However, further  investigation  of  the  individual  compounds,  

their  in-vivo  antioxidant  activities  and antioxidant mechanisms is mandatory. Future case 

studies are also needed to confirm whether the proposed approach can serve to define a 

methodology for the determination of the antioxidant capacity of herbal extracts in general. 
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Table 1The antioxidant activities of P atlantica leaves from Laghouat and Ain oussera regions. Results are 

expressed as mg ascorbic acid equivalents (AAE)g-1 dry leaf .𝑥 s of three determinations for each extract 

 (LM): male leaves of Laghouat, (LF): female leaves of Laghouat, (OM) male leaves of Ain oussera and (OF) 

female leaves of Ain oussera.  (4) April, (5) May, (6) June, (7) July, (8) August, (9) September and (10) October. 

 

 

 

 

 

 

 

Sample DPPH DMPD ABTS  RPC Mch   •OH   NO• ROO•      O2
• 

LM4 350±14 27±6 211±10 605±20 38±7 127±15 25±6 45±6 6.29±1.04 

LM5 474±19 30±3 230±11 970±24 54±6 107±13 28±5 47±7 3.24±0.95 

LM6 341±14 30±2 219±10 562±30 32±4 94±14 39±9 38±7 3.65±1.56 

LM7 465±26 29±5 194±18 723±37 48±6 112±14 32±6 42±4 5.15±1.00 

LM8 262±18 40±3 208±7 521±11 47±8 120±16 27±7 43±6 5.52±0.79 

LM9 389±12 39±4 216±9 519±18 41±9 107±13 29±6 56±9 2.78±1.20 

LM10 390±25 24±3 228±7 983±30 50±7 110±18 18±5 29±10 4.17±1.00 

LF4 446±20 25±4 235±15 596±27 62±7 145±12 39±10 39±7 2.79±0.84 

 LF5 348± 13 30±6 248±6 705±28 46±4 157±17 13±4 54±6 1.54±1.10 

LF6 451±22 31±4 231±13 728±30 38±6 118±16 29±8 35±11 3.56±1.00 

LF7 466 ±34 34±7 264±9 516±32 42±8 134±13 16±5 48±6 4,46±0.71 

LF8 390±20 38±5 257±14 487±26 41±6 136±10 13±4 46±7 4.86±1.36 

LF9 488 ±10 20±4 208±18 260±15 64±9 130±18 18±5 41±6 3.81±0.46 

LF10 264±30 31±4 215±9 453±44 40±5 143±12 20±3 50±9 3.42±1.27 

OM4 606±18 27±5 200±7 628±16 94±11 122±17 17±4 33±4 8.26±1.62 

OM5 597±13 29±3 246±8 482±27 110±13 108±15 35±5 44±7 5.93±1.33 

OM6 630±47 33±3 265±12 566±21 94±8 104±11 28±7 49±8 6.34±1.46 

OM7 638±36 30±4 253±15 582±17 98±10 114±17 13±2 51±9 7.04±1.27 

OM8 398±28 40±8 232±7 401±16 51±9 143±11 16±5 35±7 6.72±0.77 

OM9 615±30 32±3 241±9 344±20 85±8 138±10 19±4 49±9 3.12±0.69 

OM10 381±47 35±5 247±6 297±23 86±14 126±11 15±4 41±6 5.85±1.53 

OF4 537±28 25±4 176±13 387±21 81±9 134±14 18±6 44±5 6.09±1.29 

 OF5 512±15 29±4 189±8 313±13 64±10 115±19 14±3 47±3 4.66±0.40 

OF6 677±20 30±6 206±6 354±22 92±8 123±7 24±5 36±7 5.11±0.88 

OF7 418±38 40±4 224±11 346±23 88±12 100±13 30±9 24±4 3.47±0.63 

OF8 462±11 49±3 236±11 358±13 77±10 102±9 28±7 50±12 5.23±0.82 

OF9 567±12 31±4 229±10 296±17 69±8 129±10 15±5 39±7 2.78±0.97 

OF10 506±24 33±5 312±8 287±25 57±6 134±17 19±3 45±8 4.09±0.30 
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Table  2Pearson's Correlation Coefficients (r) between the different antioxidant capacities 

 DPPH DMPD ABTS  RPC Mch 
  

•
OH NO

•
 ROO

•
 O2

• 

DPPH 1.000 -0.247 0.094 -0.192 0.759 -0.144 -0.106 -0.01 0.316 

DMPD -0.247 1.000 0.275 -0.266 -0.038 -0.203 0.052 0.157 0.043 

ABTS 0.094 0.275 1.000 -0.047 0.046 0.148 -0.125 0.225 -0.127 

RPC -0.192 -0.266 -0.047 1.000 -0.335 -0.198 0.241 -0.056 -0.073 

Mch 0.759 -0.038 0.046 -0.335 1.000 -0.203 -0.055 -0.119 0.434 
•
OH -0.144 -0.203 0.148 -0.198 -0.203 1.000 -0.516 0.195 -0.189 

NO
•
 -0.106 0.052 -0.125 0.241 -0.055 -0.516 1.000 -0.167 -0.158 

ROO
•
 -0.01 0.157 0.225 -0.056 -0.119 0.195 -0.167 1.000 -0.137 

O2
• 0.316 0.043 -0.127 -0.073 0.434 -0.189 -0.158 -0.137 1.000 

  

Table 3Number of model components (#) and RMSECV of the models build with the fingerprints, subjected first 

to three preprocessing approaches. 

Method Preproccessing # RMSECVAAEAC 

DPPH Column centering 5 110.5 

Normalization and column centering 4 102.3 

SNV and column centering 4 99.0 

DMPD Column centering 5 6.8 

Normalization and column centering 4 7.2 

SNV and column centering 4 7.2 

ABTS Column centering 3 31.7 

Normalization and column centering 2 32.0 

SNV and column centering 2 32.0 

RPC Column centering 5 187.2 

Normalization and column centering 6 153.4 

SNV and column centering 6 160.5 

Mch Column centering 3 22.65 

Normalization and column centering 3 22.17 

SNV and column centering 3 20.67 
•
OH Column centering 11 16 

Normalization and column centering 9 14.0 

SNV and column centering 10 14.2 

NO• Column centering 3 8.9 

Normalization and column centering 2 8.8 

SNV and column centering 2 8.6 

ROO• Column centering 6 9.6 

Normalization and column centering 5 8.5 

SNV and column centering 5 7.9 

O2
• Column centering 15 2.2 

Normalization and column centering 14 2.4 

SNV and column centering 14 2.3 
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Table 4  Peaks (compounds) of importance when total antioxidant activity of  P. atlatica extracts is measured by 

different approaches 

Assay Peaks (compound) 

1 2 3 4 5 6 7 8 9 10 11 12 13 

DPPH -- ++ ++ NC NC NC NC ++ NC NC -- NC -- 

ABTS -- -- ++ NC NC NC -- ++ NC NC -- NC -- 

DMPD ++ NC -- -- NC NC NC NC NC NC -- NC -- 

RPC ++ ++ -- -- NC NC NC -- NC NC ++ NC ++ 

Mch -- -- ++ NC NC NC -- ++ NC NC NC NC -- 

OH NC -- -- ++ NC NC -- -- NC -- NC NC -- 

NO -- NC -- NC NC NC NC NC ++ NC NC NC ++ 

ROO ++ NC -- ++ NC ++ NC ++ NC NC NC -- -- 

O-
2 ++ -- -- -- NC NC NC NC -- NC -- -- NC 

(++) peaks with positive   regression coefficients, i.e. compounds for which the concentration has similar behavior 

as antioxidant activity (high concentration high activity), (- -) peaks with negative coefficients i.e. compounds for 

which the concentration has opposite behavior as antioxidant activity, and (NC) peaks without correlation. 
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Fig. 1 Box plot graphs showing the distribution of AAEA in the dispersions of individual methods estimating the 

antioxidant activities in P. atlantica leaves. 
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Fig. 2 The (a) raw and (b) warped fingerprints of 28 different P. atlantica extracts measured   on the Chromolith 

Performance columns. 
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Fig. 3  Compounds of importance when predicting TACDPPH of P. atlantica extracts, shown on an (a) overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after standard 

normal variate and column centering. 
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Fig. 4 Compounds of importance when predicting TACABTS of P. atlantica extracts, shown on (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after standard 

normal variate and column centering. 
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Fig. 5 Compounds of importance when predicting TACDMPD of P. atlantica extracts, shown on (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after standard 

normal variate and column centering. 
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Fig. 6 Compounds of importance when predicting TACRPC of P. atlantica extracts shown on (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after standard 

normal variate and column centering. 
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Fig. S1  Compounds of importance when predicting TACMch of P. atlantica extracts shown on a (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after 

standard normal variate and column centering 
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Fig. S2 Compounds of importance when predicting TACROO of P. atlantica extracts shown on a (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after 

standard normal variate and column centering. 
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Fig. S3 Compounds of importance when predicting TACOH of P. atlantica extracts shown on a (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after standard 

normal variate and column centering. 

 

 

 

 

 

 

 

 

 

 

5 10 15 20 25 30 35 40 45 50 55
0

1

2

3
x 10

4

5 10 15 20 25 30 35 40 45 50 55
-5

0

5
x 10

-3

5 10 15 20 25 30 35 40 45 50 55
-100

0

100

5 10 15 20 25 30 35 40 45 50 55
-0.2

0

0.2

c 

b 

      1       2  3   4         5  6     7  8       9             10           11            12      13 

d 

a 



40 
 

 

 

Fig. S4 Compounds of importance when predicting TACNO of P. atlantica extracts shown on a (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after standard 

normal variate and column centering. 
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Fig. S5 Compounds of importance when predicting TACO2
• of P. atlantica extracts shown on a (a) an overlay 

chromatogram, as evaluated using (b) regression coefficients of PLS  after column centering, (c) regression 

coefficients of PLS after normalization and column centering, and (d) regression coefficients of PLS after standard 

normal variate and column centering. 
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