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Abstract The presence of various bioactive markers in the human body reflects its
health condition, physical endurance, and also the intake of some valuable com-
pounds from food. Analytical methods for their determination are becoming a use-
ful tool for gaining information on the levels of these physiologically essential
substances. Antioxidants that can prevent or slow the harmful action of free radicals
belong to one of the most significant biomarkers. Reactive oxygen species/reactive
nitrogen species produced under oxidative stress act together and cause damage to
all cellular biomolecules. Therefore excessive levels of such reactive species pose a
threat to human organisms contributing to inflammatory responses. For measure-
ments of oxidative stress or damage indicators, both the reactive species are ana-
lyzed, and also different markers considered useful indexes of the level of the
phenomenon are determined. Biological samples usually include whole blood
derivatives (serum and plasma), urine, and saliva. The fluorescence methods are
most commonly applied for the determination of oxygen radicals. At the same time,
markers of cellular oxidative damage are most often tested in body fluids and tissue
homogenates using enzyme-linked immunoassay kits, high-pressure liquid chroma-
tography, or even gas chromatography, both combined with mass spectrometry. For
the assay of protein carbonyls in biological matrices, the derivatization of the car-
bonyl group, usually with 2,4-dinitrophenylhydrazine, is performed and followed
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by the detection of various types, for example, using anti-DNP antibodies in
immunoblotting.

Similarly, glutathione and antioxidant enzymes are determined by immunologi-
cal assays and chromatographic and spectrophotometric techniques. For phenolic
content quantification, different kinds of detection such as an electrochemical cou-
lometric array, on-line connected photodiode-array and electro-array, chemical
reaction detection techniques, mass spectrometry, and nuclear magnetic resonance
can be used. Modern methods for assessing the levels of vitamins A, C, D, and E as
well as total antioxidant capacity assays are also described.

Introduction

Most of the life processes lead directly or indirectly to the formation of oxidizing
compounds. Some of these substances are transformed into radical species, mole-
cules that have a deficit or surplus of electrons on the valence shell. It results in the
appearance of very reactive agents, which cause damage to cell structures in the
body. In the organism, the most sensitive structures to the effects of free radicals are
nucleic acids (DNA and RNA as examples of polynucleotides) and low density
lipoproteins (LDL) as well as proteins and carbohydrates. The impact of free radi-
cals may contribute to the development of civilization diseases, including cancer or
cardiovascular diseases. Also, during intensive physical activity, substances of
acidic properties such as pyruvic and lactic acid are secreted into the bloodstream.
They lower the pH value of blood, which in turn leads to the release of iron(III) ions
(Fe*) associated with the transferrin and their excessive transformation into iron(II)
ions (Fe*") (Cooper et al. 2002; Yamaji et al. 2004). These ions are involved in the
processes responsible for the formation of free radicals in the body, which in the
case of athletes, may adversely affect their endurance (Sjodin et al. 1990). It is also
assumed that 5-10% of the oxygen involved in the oxidative phosphorylation pro-
cess (respiratory chain) is converted into free radicals (Raha and Robinson 2000).

Small amounts of free radicals (reactive oxygen species (ROS)/reactive nitrogen
species (RNS)) and other reactive species are found in the human body, but when
the balance between formation of species and their neutralization is not maintained,
the oxidative stress occurs. Oxidative stress in an organism caused by contamina-
tion, stress, and others factors can develop and progress various systemic disorders
like Parkinson’s disease, Alzheimer’s disease, myocardial infarction, depression,
diabetes, cancers and autism, and ADHD (attention-deficit/hyperactivity disorder)
in children, among others (Fig. 11.1). The aging of the organism also results from
oxidative stress, additionally connected with impaired antioxidant defense system
(Goni and Hernandez-Galiot 2019).

Both preventive and chain-breaking antioxidants are mainly divided into enzy-
matic and non-enzymatic systems, which represent prevalently cellular or non-
cellular mechanisms of action (Fig. 11.2) (Ialongo 2017). To the first group belong
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Fig. 11.1 Formation of reactive oxygen and nitrogen species in the cell by the exogenous and
endogenous factors

H

the superoxide dismutases (SOD), the catalases (CAT), the peroxiredoxins (Prx),
the thioredoxin reductase (TR), the reduced glutathione peroxidase (GPx), and the
oxidized glutathione reductase (GR). The compounds of five major groups are the
following:

(a) Endogenous low-molecular-weight antioxidants: free reduced glutathione
(GSH), uric acid (UA), a-lipoic acid (ALA), coenzyme Q,, (CoQ), bilirubin,
methionine, and cysteine,

(b) Exogenous low-molecular-weight antioxidants: ascorbic acid (vitamin C), the
tocopherols (vitamin E), the carotenoids (e.g., f-carotene), and vitamin A,

(c) Proteins: albumin and cysteine-rich proteins,

(d) Polypeptidic antioxidants: thioredoxins, glutaredoxins, and sulfiredoxins,

(e) Metal-binding proteins: ceruloplasmin and metallothioneins are classes of the
non-enzymatic system.

Exogenous and endogenous antioxidants interact with each other (e.g., urates
—ascorbic acid — tocopherols) and inhibit the oxidative stress and the action of
pro-oxidants (Ialongo 2017).

Plant food contains the compounds of high antioxidant activity. Proper intake of
phenolics and antioxidant vitamins from food could help the antioxidant defense in
the organism. Therefore, the measurement of phenolic compounds intake with
dietary assessment (estimation of dietary intakes — questionnaire, diary, and 24-hour
recall) and nutritional status are widely used (Jenab et al. 2009; Pico et al. 2019).
However, these estimation methods are not sufficient and the specific biomarkers of
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Fig. 11.2 The possible paths of reactive oxygen and nitrogen species in the organism. (SOD
superoxide dismutase, GSH glutathione, GSSG glutathione disulfide, and CAT catalase)

oxidative damage/stress, as well as antioxidant status in the biological fluids, are
becoming now more and more investigated for the medical and physiological
research purposes (Frijhoff et al. 2015; Marrocco et al. 2017).

The World Health Organization (WHO) has defined a biomarker as “any sub-
stance, structure, or process that can be measured in the body or its products and
influence or predict the incidence of outcome or disease” (WHO 2001). In the field
of nutrition, the biomarkers are also used to reflect the intake, exposure, or status of
some food or nutrient in the body. Also, the determination of the biomarkers in bio-
logical fluids in the future epidemiologic studies should be important to show the
relations between dietary exposure, food composition, and risk of major chronic
disorders such as cancer, cardiovascular diseases, or diabetes (Edmands et al. 2015;
Stalmach et al. 2009).
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Therefore, the biomarkers of oxidative stress or damage and antioxidant activi-
ties can be divided into the four following groups:

1. Reactive oxygen and nitrogen species
2. Markers of cellular structure oxidative damage

(a) Oxidative damage of cell membrane (lipid fraction)

e thiobarbituric acid reactive substances (TBARS) and malondialde-
hyde (MDA),

e 4-hydroxynonenal (4-HNE),

¢ hexanal,

e 8-iso-prostaglandin F,, (8-is0-PGF,,).

(b) Oxidative damage of nucleic acids and derivatives

e 8-hydroxy-2’-deoxyguanosine (8-OHdG),
 allantoin.

(c) Oxidative damage of proteins and amino acids

e protein carbonyl groups,
e 0,0'-dityrosine, ortho-tyrosine, meta-tyrosine,
* homocysteine.

3. Glutathione and antioxidant enzymes.

e glutathione (GSH),

e glutathione peroxidase (GPx),

e glutathione reductase (GR),

e glutathione S-transferase (GST),
* superoxide dismutase (SOD),

e catalase (CAT).

4. Non-enzymatic markers — antioxidants and total antioxidant capacity
(TAC) assays

* phenolic compounds,

e vitamins C, A, and E and in some cases vitamin D,

e bilirubin,

e ABTS (2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) assay,
e DPPH (2,2-diphenyl-1-picrylhydrazyl) assay,

e FRAP (Ferric Reducing Ability of Plasma) assay,

* ORAC (Oxygen Radical Absorbance Capacity) assay.

The evaluation of oxidative stress/damage remains a significant challenge for
analysts. The biomarkers are mainly tested in the following biological samples:
whole blood derivatives (serum and plasma), urine as well as in saliva, among oth-
ers. Examples of the clinical or animal studies of the determination of antioxidant
markers, also in the organism with oxidative stress/damage, are presented in
Table 11.1.
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Clinical or animal studies on the determination of antioxidant markers

Tested compounds/

Experimental system material/food Antioxidant marker/s Reference
Clinical studies
A randomized clinical trial LBP-standardized L. | SOD, GPx, and MDA Amagase

(healthy older adults) barbarum fruit juice | compared to pre- et al. (2009)
intervention and placebo
Antidepressant drug — Vitamin C, Vitamin C status, TAC Kadar Ali and
patients with oxidative stress | a-lipoic acid, (ABTS test), plasma Raja (2019)
(total 132 patients in every | Vitamin C + a-lipoic | cholinesterase levels
five groups) acid compared to placebo
20 patients with autism No special diet or Urinary TAC — higherin | Yui et al.
spectrum disorder (ASD) vitamin — normal controls (2017)
(6-22 years old) and 12 diet (TAC for ASD | Urinary levels of 8-OHdG
controls (5-21 years old) group was higher) and plasma SOD — not
changed
Chronic hemolytic anemic No special diet or Serum levels of vitamin E | Hamdy et al.
children (60 patients: vitamin and selenium — higher in | (2015)
6-18 years old) and 30 supplementation control patients
healthy children
24 healthy men (20-22 years | Diet with PAH CAT, GPx, SOD, TBARS | Elhassaneen
old) before and after 7, 14, in erythrocytes; (2004)
21, and 28 days (two Plasma vitamin A, C and
charcoal-broiled beefburgers E
per day)
68 patients with acute No special diet Plasma concentrations of | Chang et al.
ischemic stroke and 41 o and PB-carotene are lower | (2005)
healthy controls in patients with acute
ischemic stroke than in
healthy controls and
negatively correlated with
hs-CRP level and
neurologic deficits
14 healthy volunteers Hydroxytyrosol Serum TAC, MDA, Lopez-
(11 men and 3 women) supplementation vitamin A, D, & E — not Huertas and
(0, 4, and 8 weeks) changed; Fonolla
Serum vitamin C level (2017)
higher after
supplementation
25 Behcet’s disease patients | Vitamin E Plasma vitamins A, E and | Kokcam and
(13 men and 12 women) and | supplementation {-carotene Naziroglu
25 controls CAT, GPx, and MDA (2002)
(6 weeks) HNE-lipid adducts
GSSG
50 PCOS patients and 14 No special diet Vitamin C Szczuko et al.
healthy controls B complex (eight (2020)
vitamins)

(continued)
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Table 11.1 (continued)
Tested compounds/

Experimental system material/food Antioxidant marker/s Reference

10 younger (18-40 years Nitrate, vitamin C, | Vitamin C, nitrate, nitrite, | Ashor et al.
old) and 10 older (55— and in combination | c-GMP, (2020)

70 years old) healthy adults tetrahydrobiopterin (BH4)

and 3-NT
67 patients with vascular No special diet Vitamins A, C, E — not Paraskevas

parkinsonism and 39

changed

et al. (2003)

controls

Meta-analysis of 12 Probiotic CRP, IL-10, and MDA Amirani et al.
randomized controlled trials, | supplementation TAC, NO, GSH - not (2020)

the effects on mental health, changed

biomarkers of inflammation

and oxidative stress in

patients with psychiatric

disorders were assessed

Meta-analysis of 23 trials Dietary MDA, ox-LDL, Fallah et al.
(dietary anthocyanins more | anthocyanins isoprostane, (2020)

useful for unhealthy TAC level, SOD, and GPx

subjects) activities

Meta-analysis of randomized | Vitamin D GSH, TAC, and CRP Jamilian et al.
controlled trials patients with | supplementation levels (2019)
psychiatric disorders

7 randomized controlled Garlic TAC and MDA Moosavian
trials with 317 participants | supplementation et al. (2020)

Meta-analysis of randomized

No special diet

PC, 8-iso-prostaglandin

Causer et al.

controlled trials in the Fa, (2020)
pathophysiology of cystic MDA,
fibrosis vitamins A and E and
fB-carotene in plasma or
serum
Alzheimer’s disease and No special diet MDA (slight difference); | Zabel et al.
brain aging: a meta-analysis 4-hydroxynonenal, (2018)
8-hydroxyguanine, PC
level, antioxidant enzymes
activities, vitamin C, and
a-tocopherol, all not
changed
112 patients with chronic Clozapine or SOD, GSH - higher in Hendouei

schizophrenia (18-65 years
old)

risperidone or
perphenazine

patients with clozapine
treatment, other
antipsychotic agents not;
protein carbonyl and
MDA level not changed

et al. (2018)

(continued)
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Experimental system

Tested compounds/
material/food

Antioxidant marker/s

Reference

13 (8 male and 5 female)
patients with ankylosing
spondylitis and 13 (8 male
and 5 female) controls

No special diet

Vitamins A, C, E, and
[-carotene in plasma,
GSH and GPx values in
erythrocyte -lower in
patients and TBARS
higher

Naziroglu
etal. (2011)

Systemic review of markers
in depressive disorders

No special diet,
vitamins C, A, or
retinol palmitate

8-OHdG, 3-NT, PC,
F2-ISO, 4-HNE,
8-iso-prostaglandin,
MDA, SOD, CAT, GPx,
and vitamins A and C

Barbosa et al.
(2020)

10 healthy adults

a-tocopherol and

MDA -only

Fairus et al.

(0 and after 2, 4,5, 6, and tocotrienol fractions | FRAP, TEAC-ABTS, (2019)
8 hours) SOD, GSH - not changed
83 patients with T2DM No special diet SOD, CAT, vitamin C, Mandal et al.
81 controls TAC, (2019)
Serum NO, ROS, and
MDA;
GSH not changed
30 young patients with acute | Folic acid and folic | Homocysteine, serum Assanelli
myocardial infarction acid + vitamin E TAC [Cu(II) — Cu(D)] et al. (2004)
29 chronic lymphocytic No special diet CAT, MDA; Zelen et al.
leukemia patients in stage A, GPx, H,0, — not changed | (2010)
21 patients in stages B and
C, and 31 healthy volunteers
28 cement workers and 30 No special diet MDA, GSH, vitamin C Aydin et al.
volunteers and E, total bilirubin; (2004)
SOD and GPx in
erythrocytes

116 lactating women during

No special diet

Serum vitamin A and E —

da Silva et al.

3 months lower during lactation (2019)

Animal studies

Hypercholesterolemic Wistar | High-fat diet with Plasma FRAP, total Jeszka-

rats (6 weeks) mulberry leaves phenolics, and TBARS Skowron et al.
extract in the diet levels compared to control | (2017)

Diabetic Wistar rats High-fat diet with Plasma FRAP, total Jeszka-

(4 weeks) mulberry leaves phenolics, Skowron et al.

extract in the diet

TBARS levels compared
to control

(2014)

Diabetic hindlimb ischemia
rats (6 weeks)

Supplementation of
simvastatin,
vitamins E, and C,
simvastatin +
vitamin E, and
simvastatin +
vitamin C

Nitrite in plasma and
tissue, MDA in plasma,
SOD, CAT, and GSH in
tissue

El-Azab et al.
(2012)

(continued)
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Table 11.1 (continued)
Tested compounds/
Experimental system material/food Antioxidant marker/s Reference
Mice treated with mixture of | Heavy metals and Plasma urea Al-Attar
heavy metals (Pb, Hg, Cd, vitamin E Plasma uric acid (2011)
and Cu) (7 weeks) Heavy metals Kidney SOD and GSH
Vitamin E Testis SOD and GSH
Cadmium induced lipid CoQ, vitamin E, Tissue SOD, CAT, GPx, Ognjanovic¢
peroxidation in Wistar rats and olive oil GR and GST, vitamins C | et al. (2010)

and E

Hypercholesterolemic
hamsters (10 weeks)

Vitamin E compared
with black tea

ox-LDL
LDL-a-Tocopherol
LDL-y- Tocopherol

Nicolosi et al.
(1999)

Hepatocellular carcinoma Ginger extract MDA and GSH Vipin et al.
Wistar rats (4 weeks) (2017)
Parkinson’s disease in rats Edaravone-caffeine | 3-NT and MDA Bandookwala
(3 weeks) combination etal. (2019)
Acute and chronic Celastrus GPx, GST, and GR in Lekha et al.
immobilization stress in paniculatus seed oil | brain tissues (2010)

swiss albino mice

(Jyothismati oil)

Control group — without antioxidant material/vitamins and/or healthy

3-NT 3-nitrotyrosine, 4-HNE 4-hydroxynonenal, 8-OHdG 8-oxo0-2’-deoxyguanosine, CAT cata-
lase, c-GMP cyclic guanosine monophosphate, CoQ,, coenzyme Q10, F2-ISO F2-Isoprostanes,
FRAP Ferric Reducing Ability of Plasma, GR glutathione reductase, GSH reduced glutathione,
GPx glutathione peroxidase, GSSG glutathione disulfide, GST glutathione S-transferase, /L-10
interleukin 10, MDA malondialdehyde, PAH polycyclic aromatic hydrocarbons, PC protein car-
bonyls, 72DM diabetes type 2, TAC total antioxidant capacity, and TBARS thiobarbituric acid
reactive substances

Qualitative and Quantitative Analysis of Free Radicals
and Other Reactive Species

The main free radicals and other reactive species in the organism are the following:

* hydrogen peroxide H,0,
* singlet oxygen 10,

* 0zone (OR

* hydroperoxyl radical HO,~
e superoxide anion radical O,™

¢ hydroxyl radical OH’

* nitric oxide radical NO*

e nitric dioxide radical NO,
* hypochlorite anion ClO~

Free radicals have in vivo a short half-life of 107% s (O,") to 10~ s (OH"). Most
free radicals have specific, usually enzymatic neutralization mechanisms. Hydroxyl
radical (OH") has the shortest life span and it is the most reactive species among
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radicals. In its utilization, the body uses antioxidants derived from food, that is anti-
oxidant vitamins or/and polyphenolic compounds. On the other hand, free radicals
and other reactive species are a part of the human body defense system against
microbes.

Hydrogen Peroxide (H,0,)

Amplex Red reagent, a colorless and non-fluorescent derivative of resorufin, can be
oxidized by H,0,, in the presence of horseradish peroxidase (HRPO), producing a
highly fluorescent product. H,O, production is calculated by measuring the specific
fluorescence of oxidized Amplex Red molecule (extinction = 350 nm, emis-
sion = 399 nm) according to a modification of the method of Zhou et al. (1997).

The buffered phenol red solution (PRS) contains: 140 mmol L' NaCl,
10 mmol L' potassium phosphate buffer, pH 7.0, 5.5 mmol L' dextrose,
0.28 mmol L' (0.1 g L™!) phenol red, and 8.5 U mL~! (50 pg mL~") of HRPO. PRS
and HRPO were added to the buffer just before the start of the experiment. To 1 mL
of PRS, 10 pL of H,O, solution was added, to result in final concentrations of H,O,
from 0.1 to 100 pmol L~". The tubes were incubated for 5 min at room temperature
(25 °C) and brought to pH 12.5 by the addition of 10 pL (1 mol L-') NaOH. The
absorbance was read at 610 nm in a spectrophotometer against a blank sample con-
taining 1 mL PRS, 10 pL H,0,, and 10 pL (1 mol L™") NaOH. There was a linear
relationship between absorbance at 610 nm and H,O, concentration in the
1-60 pmol L~' range, corresponding to 1-60 nmol H,O, per mL (Pick and
Keisari 1980).

Superoxide (0,™)

For superoxide anion radical (O,~) determination of a novel fluorescence method
has recently been developed (Han et al. 2017). The researchers have studied CdTe
quantum dots (QDs) modified by L-cysteine Schiff base and characterized them
with the use of Fourier transform infrared (FT-IR), thermal gravimetric analysis
(TGA), ultraviolet-visible (UV-Vis) and fluorescent methods. X-ray powder diffrac-
tion pattern (XRD) and transmission electron microscope (TEM) were applied to
confirm the particle size of CdTe QDs (3.1 nm) in the presence of p-cysteamine. The
fluorescence intensity of CdTe QDs decreased with a modified Schiff base at 305 nm
and enhanced at 610 nm with the addition of O,". The method was characterized by
the high sensitivity fluorescence for detecting the concentration of O, with high
selectivity toward O,".
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Hydroxyl Radical (OH")

The principle of the method (Korotkova et al. 2011) is based on the selective reac-
tion of the hydroxyl radical with non-fluorescent terephthalic acid (TA), resulting in
the formation of a fluorescent compound 2-hydroxy-terephthalic acid (TA-OH).

For the initial detection of fluorescence, a reaction solution (10 mL) is prepared.
The following solutions are successively added: 2 mL of terephthalate solution
(0.01 mol L™1Y); 30 pL of standard Mohr salt solution (0.002 mol L=!); 0.03 pL of
standard hydrogen peroxide solution (0.001 mol L=!); and 2 mL of phosphate buffer
(0.025 mol L' equimolar mixture of Na,PO, and KH,PO, and 2% KCl; pH = 6.86).
The remaining volume is made up with distilled water (V = 6.4 mL). The mixture is
incubated at room temperature for 6 min.

The concentration of hydroxyl radicals in blood serum is determined by mixing
2 mL of standard TA solution (0.01 mol L7!), 2 mL of phosphate buffer
(0.025 mol L™%; pH = 6.86), and 0.1 mL of serum. Distilled water is added to make
up to a volume of a total 10 mL. TA-OH fluorescence is read at 327 nm. The inten-
sity of light emission is directly proportional to the concentration of hydroxyl radi-
cals in the biological material. The serum concentration of hydroxyl radicals in
healthy people is from 270 to 410 pmol L.

Nitric Oxide (NO’)

There are at least two methods for the determination of nitric oxide. One of them is
the electrochemical analysis in which the electrode reacts by changing the voltage
in contact with NO". The difficulty of the method is the short half-life of this free
radical in body fluids and tissues (Nagano and Yoshimura 2002). It is possible to
bind NO* using iron-dithiocarbamate complexes, whose product (mono-nitrosyl-
iron complex) is measured by electron paramagnetic resonance (EPR) (Vanin et al.
2002). Total nitric oxide, as well as nitrate/nitrite, may be determined using enzyme-
linked immunosorbent assay (ELISA) kit in serum, plasma, cell culture supernates,
and urine. The reference values of these parameters in serum and urine are 13-97
and 369-2684 pmol L', respectively.

Markers of Structural Oxidative Damage

Determination of TBARS and MDA

The direct effects of reactive oxygen species are damage to lipid cellular structures
and lipid damage in blood. The LDL fraction is very sensitive to those compounds
(Steinberg and Chait 1998). The impact of free radicals of aerobic origin on these
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structures leads to the formation of a low-molecular compound — malondialdehyde
(MDA), the concentration of which is directly proportional to the quantity of ROS
in the organism and indirectly determines the body exposure to them (Kanter et al.
1993). Under the influence of peroxidation, the four-carbon segments of higher fatty
acids are then disconnected. They are precursors of the produced adducts with thio-
barbituric acid (TBARS), such as MDA, 4-HNE (4-hydroxynonenal), hexanal, and
others (Janero 1990; Suarez-Pinzon et al. 1996; Zhou et al. 2005). The determina-
tion of MDA concentration with the use of the high-pressure liquid chromatography
(HPLC) method, similarly to TBARS (determined by the spectrophotometric
method), can be considered as an indicator of oxidative stress, that is the degree of
body exposure to free radicals.

The concentration of TBARS is also modulated by physical activity. These
changes depend on the individual variety of athletes, the intensity and duration of
the activity, and the method of regeneration, as well as on blood sampling to post-
effort analysis. A higher level of MDA is observed in smokers (Lykkesfeldt et al.
2004), in the conditions diagnosed as asthma (Hanta et al. 2003), cancer (Carbonneau
et al. 1991), cirrhosis (Wasowicz et al. 1993), and diabetes (Arshad et al. 1991;
Wasowicz et al. 1993), as well as in people on dialysis (Carbonneau et al. 1991;
Wasowicz et al. 1993).

TBARS measurement is based on the methodology proposed by Buege and Aust
(1978). Plasma (50 pL) was mixed with 50 pL of 0.01% butylated hydroxytoluene,
300 pL of 20% acetic acid, and 300 pL of 0.8% TBA and placed in 2 mL polypro-
pylene screw-cap microcentrifuge tubes. After shaking, the tubes were placed into a
water bath for 60 min at a temperature of 100 °C. Subsequently, all samples were
brought to room temperature, vigorously shaken, and centrifuged for 10 min at
4000 g at 4 °C. The supernatant (200 pL) was pipetted onto an enzyme-linked
immunoassay (ELISA) plate. Measurements were performed at 532 nm with a mul-
timode microplate reader. The standard curve is created from stoichiometrically
diluted 1,1,3,3-tetramethoxypropane (TMP) solutions. TBARS concentration is
expressed in pmol L' of plasma. The modification of this method is proposed by
Ohkawa et al. (1979).

8-Iso-prostaglandin F,, (8-iso-PGF,,) and 8-Hydroxy-2-
deoxyguanosine (8-OHdG)

8-iso-prostaglandin F,, (8-is0-PGF,,) is an isoform of prostaglandin F,, (PGF,,). It
is characterized by higher stability than MDA in blood plasma (Roberts and Morrow
2000). 8-iso-PGF,, is formed as a result of non-enzymatic free radical peroxidation
of arachidonic acid and is excreted by the kidneys. Therefore, their concentration in
the urine may be much higher than in the blood.

The serum or urine determination of 8-OHdG is an indicator of oxidative DNA
damage and a measure of mutagenicity or carcinogenicity. The body exposure to
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harmful agents, such as cigarette smoke, smog, mutagenic substances, as well as
ultraviolet and ionizing radiation, increases the concentration of 8-OHdG. Usually,
the cells have abilities that allow 8-OHdG to be converted back to deoxyguanosine.
Sometimes such change does not occur, and 8-OHdG appears in the DNA chain,
which can lead to carcinogenesis (Yasui et al. 2014). Furthermore, the presence of
8-OHdG may cause defective gene expression or induce subsequent mutations
alone (Valavanidis et al. 2013).

Currently, both substances are most often determined in body fluids (blood and
urine) and tissue homogenates using commercially available ELISA Kkits
(Table 11.2). However, greater detection accuracy is possible due to liquid (LC) and
gas chromatography (GC), especially with the use of mass spectrometers (Milne
et al. 2007).

Allantoin

Allantoin, a heterocyclic compound formed in most mammals, except for the higher
primates and man, by the oxidation of uric acid and by the catabolism of purine is
also taken into account in the characterization of free radicals (Young et al. 1944).
In the physiological conditions, this compound is not determined in blood because
in the human body the enzyme, which converts the uric acid to allantoin, is not pro-
duced (Hellsten et al. 1997). Only the oxidation of uric acid by free radicals leads to
the appearance of this substance in the organism. Therefore, allantoin is a marker of
the intensity of free radical reactions in the body. It is sometimes considered to be a
more sensitive indicator of these reactions because due to its production under both
aerobic and anaerobic conditions, the concentration of this compound in the blood
increases faster than that of TBARS (Mikami et al. 2000).

It has been revealed that allantoin possesses the features of a substance accelerat-
ing wound healing (Robinson 1935), regeneration of skin (Ho et al. 2006), and
nerves (Loots et al. 1979). Moreover, it has anti-inflammatory properties and may
alleviate the negative impact of pro-inflammatory factors, which are cytokines,
secreted, among others, by leukocytes during physical activity.

Allantoin is determined in 250 pL of deproteinized serum, following the meth-
odology developed by Grootveld and Halliwell (1987). After that, the samples are
centrifuged (4000 g, 10 min, 4 °C), 250 pL of the supernatant is transferred to a

Table 11.2 Biochemical parameters of lipids and DNA degradation by ROS and other
reactive species

Reference
Biochemical parameter values References
8-iso-prostaglandin F,, [pg mL~'] 31.8+£5.5 Bielecki et al. (2012)
8-hydroxy-2’-deoxyguanosine 0.3-5.9 El-Zein et al. (2010) and Hamurcu et al.
[ng mL~'] 0.4-8.0 (2010)
Kono et al. (2006) and Pan et al. (2007)
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glass test tube, and 250 pL of 0.12 M NaOH is added. Next, the samples are boiled
for 20 min in a water bath at 100 °C and mixed with 250 pL of 1 M HCI and 50 pL.
of 2,4-dinitrophenol and warmed up again for 5 min to the same temperature. The
mobile phase consists of trisodium citrate and sodium acetate (pH 4.75). The mea-
surements are performed using HPLC with UV detection at 360 nm. The standard
curve is created from subsequent dilutions of the allantoin solution. Allantoin con-
centration is expressed in mmol L= of serum.

Oxidative Damage of Proteins and Amino Acids

Protein oxidation is both a part of cellular regulatory mechanisms and a conse-
quence of damage to tissues as proteins are major targets for radicals, two-electron
oxidants, and glycation reactions. Protein oxidation is believed to play a crucial role
in the pathophysiology of diseases (atherosclerosis, neurodegenerative disorders,
diabetes, pulmonary fibrosis, end-stage renal disease) and the aging process
(Vivekanandan-Giri et al. 2011; Weber et al. 2015).

Oxidative damage to proteins may lead to the modification of sulfur-containing
aromatic and aliphatic amino acids. Various reactive oxygen species present in
blood, tissues, and cells generate protein carbonyl groups, which are used as a
marker of global protein oxidation. Protein carbonyls are an irreversible and rela-
tively stable form of protein modification. As a result of the impact of different
oxidants on amino acids, both protein-bound and released carbonyl groups are
produced.

The standard methods for determining protein carbonyls in biological samples
(plasma, cellular extracts, erythrocytes, or isolated proteins) are based on the
derivatization of the carbonyl group, most often with 2,4-dinitrophenylhydrazine
(2,4-DNPH) to obtain the stable 2,4-dinitrophenylhydrazone (2,4-DNP) of an
absorption maximum at 370 nm (Purdel et al. 2014). Derivatization is usually fol-
lowed by a detection either by spectrophotometric methods, by an HPLC-based
technique or using anti-DNP antibodies in immunoblotting or ELISA (Weber
et al. 2015).

Levine et al. (1990) described methods relying on the modification of the car-
bonyl group (1) to alcohol with tritiated borohydride; (2) with 2,4-DNPH to form
the 2,4-DNP; (3) with fluorescein thiosemicarbazide to form the thiosemicarba-
zone; and (4) with fluorescein amine to form a Schiff base followed by reduction to
the secondary amine with cyanoborohydride. To avoid contamination of nucleic
acids, they should be precipitated with streptomycin sulfate. If utilizing the borot-
ritide or 2,4-DNPH methods, the protein should be concentrated by precipitation
with trichloroacetic acid. According to Levine, the most sensitive procedure for
carbonyl determination in purified proteins, homopolymers, extracts of cells and
tissues is the method with tritiated borohydride, suitable for the assay of total pro-
tein content not exceeding 1 mg. This method requires less sample than that with
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2,4-DNPH (Levine et al. 1990). However, nowadays, the most widespread proce-
dure for the analysis of protein carbonyls is their derivatization with 2,4-DNPH,
followed by various techniques of detection (Weber et al. 2015).

One of them can be the Western blot immunoassay. Shacter and co-workers
(1994) evaluated the susceptibility of the major plasma proteins to oxidative modi-
fication based on immunoblotting. As protein oxidation leads to the formation of
carbonyl groups (aldehydes and ketones) on some amino acids, these were deriva-
tized with 2,4-DNPH, separated by sodium dodecyl sulfate-gel electrophoresis, and
analyzed for carbonyl content by immunoassay with anti-DNP antibodies. This
approach is very useful for measuring protein carbonyls as markers of oxidative
modification in biological samples. The scientists concluded that 1 pmol of protein-
associated carbonyls could be detected, and plasma fibrinogen turned out to be more
susceptible to oxidative modification compared to the other major plasma proteins,
albumin, immunoglobulins, and transferrin (Shacter et al. 1994).

Buss and co-workers (1997) carried out an ELISA and a colorimetric analysis for
measuring protein carbonyls in plasma and lung aspirate samples to assess the oxi-
dative injury. Protein samples were subjected to reaction with DNP and adsorbed to
wells of an ELISA plate. After probing with a commercial biotinylated anti-DNP
antibody, the reaction with streptavidin-linked horseradish peroxidase was per-
formed to obtain a product for quantification. In the colorimetric assay, a proper
amount of protein in phosphate buffer saline was subjected to reaction with DNP in
2 mol L~! hydrochloric acid for 45 min with occasional mixing. The trichloroacid
precipitates were washed three times with the solution ethanol/ethyl acetate (1:1).
Pellets were sonicated, finally dissolved in 6 mol L~' guanidine hydrochloride,
0.5 mol L~! potassium phosphate, and the absorbance at 375 nm resulting from the
presence of carbonyl groups was colorimetrically assessed. A blank with the protein
was subjected to reaction with HCI without DNP and its absorbance was subtracted
after adjusting for the protein loss that occurred with this method. Protein concen-
trations were determined for final samples (for albumin) by diluting and measuring
absorbance at 280 nm or, for biological samples, by the simple colorimetric assay
called BioRad (Buss et al. 1997).

The scientists compared immunohistochemistry and dihydroethidium fluores-
cence with mass spectroscopy in studies on amino acid oxidation markers, which
served as molecular fingerprints of specific oxidative pathways. The firstly men-
tioned technique, despite its high sensitivity, appeared nonspecific and semiquanti-
tative. In contrast, mass spectrometry (MS), in combination with GC, turned out to
be a powerful, highly sensitive, and specific method that should be recommended
for the determination of specific markers. MS detection enables identification of a
target biomolecule based on its unique fragmentation pattern. The quantification is
performed by adding a stable, isotopically labeled internal standard, identical to the
target analyte except for the heavy isotope, which is introduced to the mixture. Due
to specific ionization processes, such as electron capture negative-ion chemical ion-
ization, even low femtomole levels of biomarkers can be determined. Additionally,
the researchers confirmed the hypothesis that unique oxidants are generated in
regions vulnerable to diabetic damage, and the role of antioxidant therapies seems



278 M. Jeszka-Skowron et al.

to be of great importance in preventing microvascular and macrovascular disease in
diabetic patients (Vivekanadan-Giri et al. 2008).

Agarwal and Sohal (1995) separated protein fractions based on their molecular
weight by gel filtration, and for determination of carbonyl proteins, they developed
the HPLC method with diode array detection (at 370 nm). They noted that the gel
filtration HPLC is more sensitive for the quantitation of oxidized purified proteins
than electrophoresis but proteins of similar molecular weights cannot be separated
entirely.

The Spanish scientists presented a very interesting approach with fluorescent
hydrazides to the detection of carbonylated proteins (Tamarit et al. 2012). They car-
ried out derivatization with fluorescent Bodipy-hydrazide of low molecular weight
and no net charge. This enabled by two-dimensional gel electrophoresis. Bodipy
means boron dipyrromethene and its analogs, whereas fluorescent Bodipy-hydrazide
is a green-fluorescent dye used for the detection of carbonyl groups. Their reaction
results in forming a Schiff base that can be later stabilized by reduction. Derivatization
with Bodipy-hydrazide allowed easy matching of the spots of target proteins and
those obtained by general fluorescent protein staining methods. Due to the cyanine
hydrazide derivatization (Cy3-Hz and Cy5-Hz) analysis of two samples in the same
gel was possible.

Measurement of Tyrosine Derivatives

Reactive oxygen species cause damage to proteins and amino acids. One of the
structures particularly sensitive to the effects of free radicals are cross-linked two
tyrosine molecules. They are present in many proteins (elastin and collagen) of
vertebrates, including humans, and are sensitive to hydrogen peroxide (H,O,),
resulting in proteolysis. Heinecke (2002) has shown that the product of the oxida-
tive conversion of dityrosine to o,0’-dityrosine is 100 times higher in LDL fraction
in patients with atherosclerotic symptoms compared to healthy people. Also, the
hydroxyl radical increases the concentration of the modified forms of tyrosine,
namely ortho-tyrosine and meta-tyrosine. These substances appear to be useful
markers of protein and amino acid damage by free radicals. The concentration of
these compounds is determined using a GC-MS method with isotope dilution.
Research material may be: LDL isolated from blood serum (Leeuwenburgh et al.
1997) and urine (Bhattacharjee et al. 2001). Orhan et al. (2005) showed that the
isotope dilution reversed-phase liquid chromatography-atmospheric pressure chem-
ical ionization-ion-trap-tandem mass spectrometry (LC-APCI-MS/MS) with a tri-
ple quadrupole instrument is 2.5 times more sensitive than the ion-trap instrument.
The concentration of o,0’-dityrosine in the urine of smokers is on average
0.08 £ 0.01 pmol L™" or calculated as 10.1 + 0.4 pmol mL~! of creatinine.
Pennathur et al. (2001) identified amino acid oxidation markers and utilized
highly sensitive and specific GC-MS in Cynomolgus monkeys. The animals were
hyperglycemic due to streptozotocin (STZ) induced diabetes. Samples from seven
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controls and eight diabetic monkeys were analyzed. Ortho-tyrosine, meta-tyrosine,
and o,0’-dityrosine levels were higher in aortic proteins from diabetic monkeys than
in those from control animals, whereas 3-nitrotyrosine levels remained unchanged.
These proportions of oxidized amino acids can lead to the conclusion that a hydroxyl
radical-like oxidant promotes aortic damage in hyperglycemic animals. The scien-
tists also searched for the relationship between the level of glycemic control (mea-
sured as serum glycated hemoglobin) and levels of amino acid oxidation products in
aortic tissue in control and diabetic Cynomolgus monkeys. They found a strong
correlation between levels of both ortho-tyrosine and meta-tyrosine and glycated
hemoglobin.

Homocysteine

Homocysteine is a product of methionine demethylation. The increased concentra-
tion of this amino acid is directly related to cardiovascular diseases (lifestyle
diseases).

The homocysteine concentration is determined in serum or plasma using com-
mercially available kits. About 80% of circulating homocysteine in the blood is
bound to proteins. To determine the total concentration, the disulfide bridges must
be reduced to release free homocysteine. Due to a specific enzyme cutting the
homocysteine molecule, an intermediate product is created, which in combination
with the appropriate reagent, leads to the formation of a stable fluorophore emitting
far-red spectrum light (extinction = 625 nm, emission = 708 nm). The test is not
influenced by the physiological concentrations of other biological thiols (such as
glutathione, cysteine, and methionine) and it can be quickly adjusted (Kar et al.
2019). Also, the LC-MS method can be used to determine the homocysteine level in
blood samples, even in 30 pL of a sample (Oosterink et al. 2015).

The concentration of homocysteine is usually higher in men than in women sam-
ples. Also, elevated levels were observed for the elderly people and those with a
deficiency of B vitamins (B, By, B},) (Oosterink et al. 2015). Reference values for
this compound: 5-15 pmol L~! (Maron and Loscalzo 2009).

Glutathione and Antioxidant Enzymes

Glutathione Analysis

Glutathione is a tripeptide built of three amino acids: glutamic acid, cysteine, and
glycine. A unique role is played by cysteine, containing a thiol group (-SH), which
has strong reducing properties. Therefore, glutathione has a high antioxidant poten-
tial, acting as a so-called free radical scavenger. This compound and antioxidant
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enzymes arise in significant amounts during physical exercise, especially along with
endurance characteristics.

Glutathione removes from erythrocytes hydrogen peroxide, which is a natural
product formed during its metabolism. H,O, significantly reduces the survival of red
blood cells (erythrocytes) from 90 to 120 days and increases the rate of oxidation of
hemoglobin to methemoglobin (metHgb). MetHgb loses the ability for oxygen
transport, which reduces the physical performance of the athlete. NADPH (nicotin-
amide adenine dinucleotide phosphate — reduced form), which is formed in the
pentose phosphate pathway, causes a reduction of glutathione, that is its re-activa-
tion (Fig. 11.3). Glutathione is also able to neutralize singlet oxygen ('O,) and other
electrophile molecules (Lafleur et al. 1994).

Both glutathione and antioxidant enzymes are currently determined by
ELISA. Most often, antioxidant enzyme activity is determined in erythrocyte hemo-
lysate. The method is based on the isolation of erythrocytes by washing the red
blood cells three times with saline in a 1:1 ratio. After each addition of physiological
saline and thorough (gently) mixing, the sample is centrifuged, and the supernatant
removed. Red blood cells are then frozen to induce hemolysis. GSH concentration
is calculated per 1 g of hemoglobin. The concentration of hemoglobin is measured
using a hematological analyzer.

Pentose
phosphate pathway

2xNADPH

[ 2xglutathione-SH ) [glutathio ne-S-S-glutathio nej

GPx
selenium

Fig. 11.3 Neutralization of hydrogen peroxide (H,0,) to the neutral molecule of water (H,O) by
reduced glutathione (glutathione-SH), which has previously been reduced by NADPH formed in
the pentose phosphate pathway. The hydrogen atom, disconnected from NADPH, reduces glutathi-
one, which in turn transfers it to H,O, and transforms it into two water-neutral molecules
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The concentration of the reduced and oxidized forms of glutathione in blood
hemolysate presented in the literature:

e GSH - 8342 + 769 nmol per gram Hb; glutathione disulfide (GSSG) —
23.3 +£5.06 nmol per gram Hb (Rossi et al. 2002),

* GSH - 8460 = 1750 nmol per gram Hb; GSSG — 13.2 + 4.0 nmol per gram Hb
(Khazim et al. 2013).

Also, HPLC and spectrophotometric techniques are used to determine glutathi-
one and glutathione disulfide concentrations in blood and other tissues. Giustarini
et al. (2013) have compared these two methods. The GSH recycling assay is a spe-
cific method with minimal or without interference from other thiols and disulfides
for the determination of total GSH, and the limit of detection is 0.1 pmol L~! in most
tissues. GSH measurement was carried out using HPLC with UV detection at
265 nm in supernatants obtained from NEM-treated (N-ethylmaleimide) blood after
acidification. For the preparation of human or animal blood samples, tripotassium
ethylenediaminetetraacetic (EDTA) acid is needed and 100 pL of NEM per mL
of blood.

Antioxidant enzymes neutralize two toxic reactive oxygen species, that is the
superoxide radical and hydrogen peroxide to a water molecule.

Superoxide dismutase in humans (SOD; E.C. 1.15.1.1) is an enzyme that has a
coenzyme in the form of a copper and zinc metal atom (SOD-1 and SOD-3) or
manganese (SOD-2). This enzyme is involved in the utilization of the superoxide
radical (O,"). In this way, it protects intracellular structures from oxidation and the
generation of other free radicals, for example, nitric oxide (NO"). Liver cells show
the highest SOD activity.

Cu** ~SOD+0,” — Cu" —SOD+0,
Cu' —-SOD+0, +2H" - Cu** —SOD + H,0,

SOD triggers the production of hydrogen peroxide, which in turn is deactivated by
the catalase enzyme (CAT; EC 1.11.1.6). It is an enzyme that contains iron (Fe**) in
its structure. Its high activity is observed in the cytosol, peroxisomes, and
erythrocytes.

2H,0, - 2H,0+0,

Hydrogen peroxide (H,0,) is neutralized by another enzyme — glutathione peroxi-
dase (GPx; EC 1.11.1.9). Also, it can reduce lipid radicals to alcohols. GPx has
eight isoenzymes that contain a selenium atom (Fig. 11.4).

2GSH +H,0, — GS-SG +2H,0

Currently, antioxidant enzymes are determined using commercial 96-well plate
kits basing on the ELISA method. As mentioned earlier, erythrocyte hemolysate is
most often analyzed, although it is possible to determine the analytes in blood serum
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Fig. 11.4 The relationship between antioxidant enzymes in the utilization of free radicals. (SOD
superoxide dismutase, GSH glutathione, GSSG glutathione disulfide, CAT catalase, GPx glutathi-
one peroxidase, and GR reduced glutathione)

Table 11.3 The activity of antioxidant enzymes in human erythrocytes and plasma

Enzyme activity

Enzyme Erythrocytes (U 10" mL~") Plasma (U L")
Glutathione peroxidase 7.8-10.6 0.4
Glutathione reductase 2.7-3.7 0.03
Superoxide dismutase 550-800 5-20

Catalase 3800-5400 46-52

or tissue biopsies, for example, liver. Weydert and Cullen (2010) also demonstrated
the method for determining the above mentioned enzymes in tissues and cell cul-
tures using active gels. It takes 24—48 hours to carry out this type of determination.
The activity of antioxidant enzymes in human erythrocytes and plasma can be found

in Table 11.3.
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Non-enzymatic Markers of Antioxidant Capacity Assessment
and Antioxidants

Total Phenolic Compounds and Determination of Phenolic
Compounds and Antioxidant Vitamins with the Use
of Modern Techniques

Phenolic compounds (mainly flavonoids and phenolic acids) are the group of over
8000 plant origin substances. They also belong to natural plant dyes, the role of
which is to protect against UV radiation, insects, and parasites. Their concentration
in blood is an effect of proper nutrition and dietary supply of these compounds
(Wiseman 1999). It has been revealed that a higher concentration of phenolic com-
pounds in the blood protects the organism from civilization diseases, especially
atherosclerosis and some cancers. Particularly symptomatic are the results of stud-
ies carried out in France, where the habit of drinking red wine for meals, despite a
high-fat diet, leads to a lower number of deaths caused by cardiovascular disorders
compared to other populations of European countries. Therefore, the phenomenon
is named the French Paradox (Ferrieres 2004).

Phenolic compounds possess potent antioxidant properties, often of greater
strength than vitamins C, A, or E. The proper levels of these substances in human
organisms indirectly protect antioxidant vitamins from oxidation. Phenolics, espe-
cially from fruit and vegetables, turned out to modulate the cellular concentration of
natural antioxidants, as well as glutathione synthesized in the organism through
gene regulation (Moskaug et al. 2005).

During physical exercises, there may be an increase in the production of free
radicals, particularly of aerobic origin (ROS), which results in oxidative stress.
Polyphenols are therefore considered to be one of the essential exogenous sub-
stances that protect the body from the negative effects of this condition in sports
practice. It is known from the literature that high concentrations of antioxidants in
the body prevent damage and premature muscle fatigue. However, a clear interpre-
tation of this issue is contrary to research results, which indicate an increase in the
total antioxidant potential during a long-term exercise — marathon (Liu et al. 1999)
or half-marathon (Child et al. 1998), while moderate exercises have not led to its
changes so far (Karolkiewicz et al. 2002).

For these compounds, various methods were used (for the determination of total
phenolics — spectrophotometric method, and high-performance liquid chromatogra-
phy (HPLC), or LC-MS/MS where the selectivity was needed). In the routine work,
the method should be easy, repeatable, and when it is possible inexpensive. Phenolics
are mainly detected in UV/VIS and UV-fluorescence regions. Besides, electrochem-
ical coulometric array detection, on-line connected photodiode-array, and electro-
array detection, chemical reaction detection techniques, mass spectrometric, and
nuclear magnetic resonance (NMR) detection are used. It is known that phenol
compounds with the intrinsic existence of conjugated double and aromatic bonds
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exhibit a higher or lower absorption in the UV or UV/VIS region. For benzoic acids,
the maximum is in the 200-290 nm range, excluding gentisic acid, which extends
the absorbance to 355 nm. The cinnamate carbon framework derivatives, because of
the additional conjugation, show a wide-ranging absorbance band from 270 to
360 nm. In the case of flavonoid aglycones, they possess at least one aromatic ring
and, consequently, efficiently absorb UV light. There are two maxima, and the first
is found in the 240-285 nm range due to the A-ring. The second maximum in the
range: 300-550 nm is attributed to the substitution pattern and conjugation of the
C-ring (Mabry et al. 1970).

Determination of phenolic compounds (also named as total polyphenols) in
plasma (after preparation) is based on a method developed by Singleton and Rossi
(1965), which uses the ability to oxidize phenolic groups by the Folin-Ciocalteu
reagent. The resulting substances are complexed to form a blue compound. The
color of the solution is measured using a spectrophotometer or a multimode micro-
plate reader at A = 765 nm. The standard curve is created from standard solutions of
gallic acid. Total polyphenols concentration is expressed as gallic acid equivalent in
g L7! of plasma.

Some substances present in biological material (blood, urine, and saliva) may
affect the polyphenol concentration obtained by the Folin-Ciocalteu method. To
eliminate protein interference, mainly aromatic amino acids (tyrosine and trypto-
phan) (Sdnchez-Rangel et al. 2013), deproteinization of the sample should be per-
formed by protein precipitation, for example, with methanol. For this purpose, the
serum is mixed with 80% methanol (1:1) and then centrifuged for 5 min at 14,000 g
to separate proteins from a residual fluid (Lee et al. 2017). Also, the effect of uric
acid can be eliminated from the sample, especially in people consuming products
with a high content of polyphenols, for example, apple juice. Uric acid reacts with
the Folin-Ciocalteu reagent, overstating the result of polyphenols content in the
blood (Godycki-Cwirko et al. 2010).

When determining the concentration of polyphenols in urine, compounds
dissolved in water should be removed (Singleton and Rossi 1965). For this purpose,
the urine is acidified and then applied to the active cartridge for the extraction of
biological material. The resulting filtrate containing polyphenols is eluted with
methanol and formic acid solution (Roura et al. 2006).

The extraction and isolation methods of phenolics start with the protein precipi-
tation with acetonitrile (Miniati 2007). In the chlorogenic acid analysis, liquid-
liquid extraction (LLE) for preparing the blood and/or urine samples was also used
(Han et al. 2020; Zhang et al. 2010). An internal standard (puerarin or tinidazole)
was added with hydrochloric acid, methanol, and ethyl acetate. After vortexing and
centrifugation, the clear supernatant was separated and evaporated to dryness under
a gentle stream of nitrogen at room temperature. Then it was reconstituted with
100 pL of 0.5% formic acid in 50% methanol/water (with centrifugation 12,000 rpm
in 5 min). Finally, an aliquot of 2 pL. was injected into the UPLC-MS/MS system.

Another novel method was developed to analyze the markers of green coffee
bean extract consumption (rich in chlorogenic acids) in the urine of healthy volun-
teers (Peron et al. 2018). Urine samples were centrifuged at 13,000 rpm for 10 min
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and then 1 pL was directly injected into the UPLC-QTOF with C18 stationary
phase. For better separation of the polar and smaller molecules, the researchers used
LC-ESI-MS and C-3 stationary phase. They monitored the metabolites related to
polyphenol administration such as hippuric acid, benzoic acid derivatives, dihydro-
ferulic and dihydrosinapic acid sulfate, as well as carnitine derivatives and dicar-
boxylic acids. Stalmach et al. (2009) revealed that the usage of LC-PDA-MS" to
identify and quantify total 21 metabolites circulating in the bloodstream and being
excreted in urine after the acute consumption of coffee by healthy human subjects
was efficient to show the bioavailability and metabolic fate of dietary phenolics and
their nutritional value. Other markers of coffee and other product consumption with
the techniques of analysis can be found in Table 11.4.

Yang et al. (2019) proposed a method for the determination of 22 urinary poly-
phenol biomarkers with the use of LC-ESI-MS/MS. The urine samples were
extracted and purified with Plexa PCX (polymeric cation-exchange resin) solid
extraction cartridges, and 10 pL of the reconstituted solution was injected into LC
with the QTRAP tandem mass spectrometer (triple quadrupole linear ion trap spec-
trometer). In another study of Yang et al. (2013), plasma with internal standard
(ginsenoside Rc) and acetic acid was vortexed and centrifuged at 12,000 g for 5 min
at 4 °C, and then the solution was applied to the SPE (solid phase extraction) car-
tridge (SEP-PAK Cj;, 100 mg). The 5 pL of residues after methanol eluate evapora-
tion was injected into LC-MS. The chlorogenic acid, kaempferol-7-O-p-d-glucoside,
and ilexgenin A were determined after oral administration of Ilex hainanensis leaves
extract in normal and non-alcoholic fatty liver disease (NAFLD) rats.

It was also revealed that after oral administration of the Flos Lonicera Japonica
extract in rats, 68 CGA (chlorogenic acids) metabolites were found (Wang et al.
2018). UHPLC-LTQ-Orbitrap (LTQ - linear trap quadrupole) MS was used to iden-
tify the major-to-trace in vivo metabolites of CGAs in the urine and plasma samples
of Sprague-Dawley rats. This method showed the profile of CGA metabolites,
which can be useful in understanding the in vivo metabolic fate, effective forms,
both pharmacological and toxic actions of CGA.

For the biological samples, the proper quality control has been used (Yang et al.
2013; Yang et al. 2019). Apart from linearity, plasma calibration curves, precision
and accuracy, recoveries, the stability of samples have also been investigated at dif-
ferent concentrations.

Vitamin C Analysis

Vitamin C (L-ascorbic acid) is a water-soluble vitamin present mainly in fruit and
vegetables. This vitamin is not absorbed in the human organism, and therefore it
should be ingested with the diet. As an antioxidant, it protects neurons from oxida-
tive damage also by restoring the reduced form of vitamin E (Grunewald 1993; Niki
1991). The ascorbic acid is essential for collagen formation, necessary as a cofactor
in the biosynthesis of catecholamines, amino acids, and peptide hormones, in the
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prevention of bleeding and for reduction of toxic effects of most xenobiotics (Daud
et al. 2016; Uchendu et al. 2012). There is some evidence that this vitamin may be
a useful biomarker in overall health and nutritional status, especially in regular mea-
surements (Chung et al. 2001; Szeto et al. 2004). The levels of ascorbic acid in
serum or plasma are affected by dietary intake, age, and gender as well as circadian
rhythm, and therefore leukocyte and lymphocyte vitamin C levels are also analyzed
(Emadi-Konjin et al. 2005). Nowadays, this biomarker shows the antioxidant activ-
ity in cancer prevention, also antioxidant/anti-inflammatory, antihypertensive prop-
erties, and lipid-lowering effects in cardiovascular diseases and antioxidant activities
in cataract and ocular diseases (Daud et al. 2016; Szeto et al. 2004). It also possesses
antioxidant activity in critically ill patients with sepsis. However, in high doses, it
demonstrates prooxidant activities, the ability to generate reactive oxygen species,
cytotoxicity, also in stimulating apoptotic way of the tumor cells (Carr and Frei
1999). The study based on the European Prospective Investigation into Cancer and
Nutrition (EPIC) showed that higher concentration of vitamin C in plasma, but not
the level of dietary vitamin C intake assessed by country-specific questionnaires, is
linked to decreasing risk of gastric cancer (Jenab et al. 2006, 2009). It has been
lately revealed that ascorbic acid in proper concentration and as supportive interven-
tion could be used in oncologic care (Klimant et al. 2018).

After a recent systematic review of literature, researchers have found that cancer
risk prevention consequent to the reduction of oxidative damage has been observed
in some cases at low doses of retinol palmitate — a derivative of vitamin A and/or
vitamin C in contrary to its higher doses (de Carvalho Melo-Cavalcante et al. 2019).

In terms of the determination of vitamin C due to its susceptibility to the environ-
mental conditions, sample collection and stabilization have to be adequately per-
formed. There are protocols that include the precipitation of proteins, usually with
meta-phosphoric or trichloroacetic acid, depending on the method used (Salminen
and Alfthan 2008; Vuilleumier and Keck 1989). Chung et al. (2001) proposed hepa-
rin as an anticoagulant apart from meta-phosphoric acid and then ascorbic acid,
which is stable for up to 10 days at —70 °C.

The best option for the determination of ascorbic acid in plasma is HPLC with
ultraviolet or electrochemical detection and mass spectrometry as well (Emadi-
Konjin et al. 2005; Ross 1994). For lymphocyte separation and lymphocyte vitamin
C extractions, these processes should be completed no later than 3 hours after blood
drawing. The whole lymphocyte preparation/extraction process is prepared on ice,
the lysate is protected from light and then the lymphocyte vitamin C extracts are
stored at —80 °C before HPLC analysis (Emadi-Konjin et al. 2005).

The problem in the ascorbic acid analysis in serum consists mainly in DHAA
(dehydroascorbic acid) reconversion to ascorbic acid, and it may lead to incorrect
results (Margolis and Duewer 1996). In HPLC-UV methods, dithioerythritol (DTE)
and 1,4-dithiothreitol (DTT) are used to determine total ascorbic acid in samples,
but they are not used in clinical settings due to the unknown contribution of DHAA
in patients samples (Card 2019). Therefore, the dual-wavelength UV detector can
be employed (Washko et al. 1992). The injection volume should be 20-50 pL, and
the samples in the autosampler should be protected from light and refrigerated to
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4 °C. Typical C18 columns, 5 pm, and 250 x 4.6 mm, with methanol or acetonitrile
in acidic pH, are used.

The FRASC method is the modification of the ferric reducing antioxidant power
(FRAP) assay, which allows determining ascorbic acid at the same time as the assay
(Benzie and Strain 1996; Benzie and Strain 1999). This method has also been vali-
dated and compared with the reference HPLC method (Chung et al. 2001). The
addition of enzyme — ascorbate oxidase — is necessary.

Another example of methods used to quantify ascorbic acid in plasma is its oxi-
dation with Cu®>* to a dehydroascorbic acid that reacts with acidic
2,4-dinitrophenylhydrazine to form a red bis-hydrazone. This color compound is
measured spectrophotometrically with the use of a 2,4-dinitrophenylhydrazine
method. There are modern spectrophotometry methods used with microvolume
amounts at 265 nm (Witmer et al. 2016). In the spectrophotometric techniques,
which are relatively cheaper, the results could be higher than in HPLC procedures
because of lower selectivity. The normal levels of vitamins A, C, D, and E can be
found in Table 11.5.

Simultaneous Determination of vitamin A, Carotenoids, Vitamin
D, and Vitamin E

Vitamin A refers mainly to retinol in the organism but retinal, retinoic acid, and
retinyl acetate are also known as retinoids (Blomhoff and Blomhoftf 2006). The role
of this vitamin in the organism is to participate in vision and many different aspects
of mammalian physiology, including embryonic development, growth and develop-
ment, immunity, and the maintenance of epithelial barriers (Dawson 2000). The
retinol in the blood is linked to the specific retinol-binding protein (RBP), important
for the determination of this vitamin. Its provitamins are specific carotenoids also
considered as potent antioxidants in food and then in the human organism. In the
case of vitamin E, a-tocopherol is another lipid-soluble antioxidant that is found in
all cellular membranes and protects cells from lipid peroxidation (Sies and Stahl
1995). What is essential, the chain-breaking antioxidant prevents the chain initiation
and propagation of free radical reaction and lipid peroxidation in cellular mem-
branes. It also influences the cellular response to oxidative stress through the modu-
lation of the signal-transduction pathway (Azzi et al. 1992; Kamal-Eldin and

Table 11.5 Normal levels of selected vitamins

Vitamin level Plasma/serum Leukocyte

Vitamin A >70 pmol L!

Vitamin C 23-85 pmol L' (5-15 mg L") 8.73 £ 4.13 pg per 108 cells
Vitamin D 50-75 nmol L'

Vitamin E >16.2 pmol L!
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Appelqvist 1996). Nevertheless, high doses (greater than or equal to 400 IU daily)
of vitamin E supplements may increase the mortality (Miller et al. 2005).

It is worth mentioning that healthy humans have no detectable quantities of reti-
nol in urine samples and it can be determined in patients with kidney pathologies
and diabetes; a higher level of vitamin E in poorly controlled diabetic children was
revealed, and it could also be a marker of oxidative stress (Gavrilov et al. 2006,
2012). What is more, the increased levels of lipid-soluble antioxidant vitamins in
plasma could be beneficial to treat childhood obesity (Guerendiain et al. 2017).

The preparation of biological fluid samples is the most crucial step in analyzing
fat-soluble vitamins and antioxidants. The blood can be extracted and left to spon-
taneous coagulation, centrifuged at 3000 g for 10 min (Rodriguez-Delgado et al.
2002). The previous methods were not “green,” and chemicals were also expensive
(Albahrani et al. 2016; Guerendiain et al. 2017) with the use of hexane and dichlo-
romethane in methanol to prepare the samples. Lazzarino et al. (2017) have
described the single-step, efficient, simple, rapid, and low-cost method to extract the
following fat-soluble vitamins and antioxidants: all-trans-retinoic acid, all-trans-
retinol, vitamin D: 25-hydroxycholecalciferol, carotenoids: astaxanthin, lutein, zea-
xanthin, trans-p-apo-8'-carotenal, p-cryptoxanthin, phylloquinone, lycopene,
a-carotene, -carotene, vitamin E: a-tocopherol, y-tocopherol, and coenzyme Q, in
biological fluids (serum, plasma, seminal plasma, seminal fluid, urine, cerebrospi-
nal fluid, saliva, and synovial fluid). 250 pL of serum or seminal plasma sample was
mixed with 500 pL of acetonitrile for 60 s, incubated at 37 °C for 1 hour in a water
bath under agitation (extraction of lipid-soluble compounds); centrifuged at
20,690 g for 15 min at 4 °C to precipitate proteins. During every procedure, samples
must be protected from light to avoid degradation of photo-sensitive compounds.
Also, the SPE method for 100 pL of the sample has been recently developed (Wills
et al. 2019).

The determination method of retinol and a-tocopherol should be fast, selective,
and economical in routine use. HPLC is usually used to determine these vitamins
(and also other compounds such as carotenoids) in few minutes with methanol on
the C18 columns (Guerendiain et al. 2017; Khan et al. 2010; Rodriguez-Delgado
etal. 2002) as well as methanol and acetonitrile (Lazzarino et al. 2017). Fluorometric,
electrochemical, and MS detectors are also used. Detection of the vitamins is car-
ried out at 292 nm for a-tocopherol and 325 nm for retinol. Standards are dissolved
in a mixture of hexane—dichloromethane or dichloromethane and methanol with the
addition of butylated hydroxytoluene (BHT) to protect vitamins from oxidation
processes.

In 2004 the automated HPLC method not only for vitamins A and E but also for
vitamin D (24,25-(OH), Vitamin D; and 25-(OH) Vitamin D;) determination was
described (Quesada et al. 2004).

The validation of methods is also necessary. Mata-Granados et al. (2008) have
used standard reference material (SRM 968c) which provides certified concentra-
tion values for all-trans retinol (vitamin A), a-tocopherol (vitamin E) and reference
concentration values for 25-hydroxyvitamin D;. They have also found a low level of
vitamin D and a high level of vitamin A in the serum of healthy adults, which
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reflects a problem for the public health of chronic pathologies. The high concentra-
tion of vitamin E in the Spanish population may be used as a cardiovascular
risk marker.

Bilirubin

Bilirubin is the product of the degradation of heme, the hemoglobin component in
erythrocytes. Bilirubin concentration indicates indirectly the quality of liver func-
tion, which is responsible for its metabolizing. Some people, mostly men, have
increased bilirubin levels. In the disorder, called Gilbert’s syndrome, there is an
impaired conjugation of this metabolite in the liver. Gilbert’s syndrome is most
often asymptomatic, and yellowing of the skin or conjunctival layers of the eye can
be observed during the consumption of large amounts of alcohol, fatigue, or intense
exercise. The study conducted by Floreani et al. (1993) has not indicated any influ-
ence of elevated blood bilirubin concentration on sports performance. Due to the
weak solubility of bilirubin in water, it is bound in blood with glucuronate or pos-
sibly albumin. It protects water spaces as well as cell membranes. It is also respon-
sible for the protection from the peroxidation of unsaturated fatty acids, including
linoleic and linolenic acids (Stocker et al. 1987). As an antioxidant, it also partici-
pates in singlet oxygen ('0,) neutralization.

Due to the light sensitivity of bilirubin, blood samples should not be exposed to
sunlight. This may result in false under-estimation. In serum, bilirubin bound (con-
jugated) can be calorimetrically determined with Ehrlich’s reagent (p-
dimethylaminobenzaldehyde; DMAB). Preparation of the reagent is the following:
1 g of DMAB is dissolved in 50 mL of 95% ethanol and 50 mL of concentrated HCI.
The absorbance of samples is measured at 650 nm wavelength (Suzuki 1997). After
the addition of methanol to the serum sample, free bilirubin is bound so that the
concentration of total bilirubin can be determined. The concentration of free biliru-
bin can be estimated by calculating the difference between total and bound bilirubin.

In the whole heparinized blood, it is possible to determine the concentration of
bilirubin by reading absorption at two wavelengths, 455 and 575 nm. This method
can be used, among others, in gasometric analyzers (Grohmann et al. 2006).

Bilirubin present in the blood occurs in four fractions («, f, y, and ). The con-
centration of individual fractions is determined by using HPLC (Table 11.6).

Table 11.6 The analysis of Fraction Bilirubin form Wavelength (nm)
bilirubin fractions a (Baor Bu) | Unconjugated 459

B (BMG) Monoglucuronide 422

y (BDG) Diglucuronide 422

d (Bd) Albumin-bound bilirubin | 433
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Also, Adachi et al. (1988) divided bilirubin present in the blood serum of people
with hyperbilirubinemia into five fractions, additionally secreting the p’ fraction.
The authors fractionated serum bilirubin by newly developed HPLC method.

A healthy person’s urine does not contain bilirubin (below limit of
detection, <LOD).

Total Antioxidant Capacity (TAC)

The antioxidant capacity is the term defined as “the moles of oxidants neutralized
by one liter of body fluids; the ability of chemical compounds to prevent or delay
the oxidation of various substances, such as lipids, proteins or DNA, necessary for
the proper functioning of the body” (Lettieri-Barbato et al. 2013; Serafini et al.
2006). Delayed oxidation or antioxidation occurs in living organisms (plants and
animals), but also in food products.

Plasma non-enzymatic antioxidants include endogenous substances (e.g., uric
acid, bilirubin, and thiols) and nutritional/exogenous substances (e.g., tocopherols,
ascorbic acid, carotenoids, and phenolic compounds) which cannot be determined
directly because this is an activity of all compounds found in the biological fluid
(Lettieri-Barbato et al. 2013; Serafini et al. 2006). TAC concerns “the cumulative
action of all the antioxidants present in the matrix (plasma, saliva, food extracts,
tissues, etc.), providing an integrated parameter rather than the simple sum of mea-
surable antioxidants and giving an insight into the assessment of the antioxidant
network” (Serafini et al. 2006). This value consists of the sum of concentrations of
vitamins C, E, and A, trace elements, for example, selenium, proteins with thiol
groups (—=SH), bilirubin, metal ions affecting the antioxidant potential (Fe** and
Cu?"), and compounds of plant origin including polyphenols (Rice-Evans and Miller
1994). The in vivo antioxidant level has been found essential for a health condition,
therefore measuring antioxidant capacity in biological fluids can enable the predic-
tion of not only nutritional health condition but also the diseases. It is worth men-
tioning that the TAC parameter does not reflect the full capacity of the organism to
deal with oxidative stress but it helps to compare the results of different biological
samples (from patients, healthy subjects, etc.) (Bartosz 2010).

Some methods have been incorporated from food to biological fluids and/or vice
versa, especially ABTS, DPPH, and FRAP assays are commonly used to measure
antioxidant activity of food and beverages (Cano and Arnao 2018; Jeszka-Skowron
and Zgota-Grzeskowiak 2017). These easy and fast spectrophotometric methods are
based on the radical-scavenging activity (stable radical scavenger) and redox poten-
tial of antioxidants. Among other methods, ORAC (Oxygen Radical Absorbance
Capacity) is a procedure based on the hydrogen atom transfer (HAT) in contrast to
the single-electron transfer SET-based methods (ABTS, DPPH, or FRAP)
(Talongo 2017).

The preparation of plasma could involve isolation from ethylenediaminetetraace-
tic acid-treated blood samples by centrifugation at 3000 g for 20 min at 4 °C (Fairus
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et al. 2019). Plasma samples can also be diluted with methanol and centrifuged for
5 min at 14,000 g to remove precipitated proteins (Lee et al. 2017).

Trolox equivalent antioxidant capacity (TEAC) assay with the use of stable cat-
ion radical ABTS was firstly reported by Miller et al. (1993). Trolox is a structural
hydrosoluble analog of vitamin E (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid), and it is used as a standard for calibration curve not only in ABTS
but also in DPPH or FRAP assays. Other standards, such as vitamin C, uric acid, or
glutathione, are also used (Bartosz 2010; Janaszewska and Bartosz 2002; Lee et al.
2017). Reference values of TBARS, allantoin, total polyphenols, bilirubin, and anti-
oxidant status parameters in human blood are presented in Table 11.7.

ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)) Assay

A blue/green ABTS™* chromophore is generated in the chemical reaction between
ABTS and potassium persulfate. This compound possesses absorption maxima at
wavelengths 645 nm, 734 nm, and 815 nm. When it is mixed with antioxidants, the
pre-formed radical cation is reduced (Re et al. 1999). The reduction of the radical
cation ABTS"* (green-blue color) to the decolored form takes several seconds except
for GSH (hours) (Janaszewska and Bartosz 2002).

To form the ABTS radical cation (ABTS™) it is necessary to mix 7 mmol L~
ABTS with 2.45 mmol L-! potassium persulfate at a ratio of 2:1. Then the stock
solution is incubated in the dark for 12—16 hours at room temperature before storage
at 2 °C. The TEAC working reagent is prepared by mixing 1 mL of ABTS™* and
19 mL of phosphate-buffered saline stock solution. A 200 pL volume of the reagent

Table 11.7 Reference values Reference

of TBARS, allantoin, total Biochemical parameter | values Unit

polyphenols, bilirubin, and TBARS 1.0-5.0 | pmol L-!

antioxidant status parameters 8

in blood Allantoin 3.1-36.4 | pmol L™!
Total polyphenols 28-4.0| gL'
Bilirubin 5.1-17.1 | pmol L!
ABTS 1300-1600 | pmol L'
DPPH* 7.9-27.1| %
FRAP 400-1600 | pmol L~!
ORAC*? 1500-3100 | pmol L~!

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid), DPPH 2,2-diphenyl-1-
picrylhydrazyl, TBARS thiobarbituric acid reactive
substances, FRAP ferric reducing ability of plasma,
ORAC Oxygen Radical Absorbance Capacity
“Deproteinized serum
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is continuously mixed with 20 puL of the sample, incubated at 37 °C, and after 6 min
measured at 734 nm. The TEAC values of plasma samples are expressed as mmol
L-! of Trolox equivalent (TE) (Fairus et al. 2019; Re et al. 1999). The assay has a
precision lower than 3% (Erel 2004; Lee et al. 2017).

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

DPPH antioxidant status of plasma is measured by the method described by Brand-
Williams et al. (1995) with the use of a stable free radical —- DPPH. This compound
possesses the spare electron over the whole molecule (molecule does not dimerize)
with the delocalization in deep violet color. The absorption band in methanol/etha-
nol solution is centered at 515-520 nm. After the reaction of the DPPH solution
with the antioxidants (substances that can donate a hydrogen atom), the reduced
form of DPPH remains in the form of the picryl group and changes the color to
pale yellow.

Fresh DPPH radical solution is usually prepared by dissolving 1 mol L' of
DPPH in 200 mL of methanol. 5 pL of plasma is subjected to reaction with DPPH
working solution (245 pL) for 30 min in the dark and the absorbance is measured at
517 nm (Lee et al. 2017). The TEAC values of plasma samples are expressed as
mmol L=! of TE.

FRAP Assay

The determination of FRAP is based on the methodology elaborated by Benzie and
Strain (1996) and modified by Janaszewska and Bartosz (2002). Plasma (10 pL) is
mixed with 30 pL of deionized water on an ELISA plate. Then, 300 pL of the
reagent (37 °C), consisting of 250 pL of 300 mmol L' acetate buffer (pH 3.6),
25 pL of 10 mmol L' 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mmol L' HCI, and
25 uL of 20 mmol L=! FeCl; x 6H,0 solutions, is added to all wells and mixed care-
fully. After 6 min of incubation, the color of the solutions is read on a multimode
microplate reader at 593 nm. The standard curve is determined with a stoichiometri-
cally diluted solution of iron(II) sulfate(VI) (FeSO, x 7H,O). FRAP is expressed in
pmol L=! of plasma.
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ORAC Assay

The ORAC assay aims to measure the antioxidant capacity of plasma by the deter-
mination of the oxidative degradation of a fluorescent molecule (fluorescein), which
has been previously mixed and heated with AAPH (2,2"-azobis (2-amidinopropane)
dihydrochloride). Plasma samples react with the ORAC working solution (150 pL).
After adding AAPH for peroxyl radical generation, the fluorescence is measured for
80 min to determine the area under the curve (AUC) at 485 nm as excitation and
520 nm as emission. TAC is expressed as mg L= of TE (Cao et al. 1993; Huang
et al. 2002; Lee et al. 2017).

Conclusions

There is a growing need to find markers of oxidative stress in the organism. In the
literature reviews, researchers found out that damage to lipids in samples of adults
was lower (level of oxidized proteins in plasma), and superoxide anion levels in
neutrophils were also lower than in samples of the elderly individuals (Belenguer-
Varea et al. 2019). They also observed that antioxidant biomarkers such as superox-
ide dismutase were lower and glutathione reductase activities were higher, as well
as higher levels of vitamins A and E, lower level of coenzyme Q,, in comparison to
elderly controls. Another meta-analysis on patients with cystic fibrosis revealed
some markers of antioxidant status and oxidative stress such as protein carbonyl
groups (DNPH assay), total F2-isoprostane, 8-iso-prostaglandin F,,, MDA, vita-
mins A and E, f-carotene (Causer et al. 2020). Whalley et al. (2003) have concluded
that the general factors believed to raise the risk of vascular disease such as higher
homocysteine levels, and also lower vitamin C levels can increase the likelihood of
brain shrinkage or brain cell loss. Moreover, metabolomics can identify the bio-
markers of dietary patterns and the influence of nutrition on breast cancer risk (Noh
et al. 2017; Playdon et al. 2017a, b). It is also essential that there should be more
research on biomarker levels in patients because it is necessary to use them for
medical purposes.
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