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ABSTRACT: An increased production of oxidative chemical species (OCS) and/or a decreased effi-
cacy of antioxidant systems (AOS) can lead to the breakdown of the oxidative balance, thus gener-
ating the so-called oxidative stress, which is generally recognized as playing a relevant pathogenic
role in early aging and in several inflammatory and/or degenerative diseases including atheroscle-
rosis and hypertension (and their consequences, such as stroke and myocardial infarction),
Alzheimer’s disease, Parkinson’s disease, and cancer. In particular, the currently available scientific
evidence indicates that there is a very close relationship between oxidative stress and nutrition. In a
vicious circle where genetic factors and abnormal lifestyles favor the onset of oxidative damage,
which in turn may decrease the bioavailability of antioxidants and amplify initial lesions, it is not
easy to establish whether OCS are the cause or the effect of the observed disease. However, one
thing seems evident: the identification, by means of reliable analytical tools, of an impairment of
the oxidative balance is the right premise for any rational attempt to correct the disequilibrium be-
tween OCS production and AOS efficacy and hence to contribute, in a more scientifically solid and
not purely empirical manner, to “add life to years and years to life”. The aim of this review was to
analyze, with reference to the scientific literature, the analytical performance and clinical applica-
tions of currently available tests for the routine assessment of the oxidative balance, especially in
the field of nutrition. The biochemical technology has given clinicians and nutritionists the oppor-
tunity to identify and quantify many markers of oxidative stress, which are currently used with the
general purpose of preventing oxidative damage, diagnosing and monitoring oxidative stress and,
finally, evaluating the indications and effectiveness of various antioxidant supplementations and
therapeutic interventions.  (Nutritional Therapy & Metabolism 2008; 26: 149-62)
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INTRODUCTION

In all living organisms there exists a delicate balance
between the production and the elimination of oxidative
chemical species (OCS)  (1). The production of OCS –
which include radical and nonradical oxygen-, nitrogen-,
carbon-, chlorine-, and sulphur-centered species – can
depend on both exogenous agents (e.g., radiation, chem-
icals, bacteria) and endogenous phenomena (e.g., activa-
tion of specific enzymatic or non-enzymatic reactions)
(2). The level and activity of antioxidant systems (AOS)
– which include endogenous (e.g., antioxidant enzymes,
like catalases and peroxidases) and exogenous agents

(e.g., vitamins and vitamin-like compounds) directed
against OCS – are related to genetic and environmental
factors (mainly lifestyle) (3). An increased production of
OCS and/or a decreased efficacy of AOS can lead to the
breakdown of the oxidative balance, thus generating the
so-called oxidative stress (4).

Oxidative stress is generally recognized as playing a
pathogenic role in early aging and in several inflamma-
tory and/or degenerative diseases including atheroscle-
rosis and hypertension (and their consequences, such as
stroke and myocardial infarction), Alzheimer’s disease,
Parkinson’s disease, and cancer (5). An imbalance be-
tween prooxidant and antioxidant factors seems to be in-
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volved even in the fields of nutrition, food safety and al-
lergy, gastroenterology and hormonal/metabolic dis-
eases.

Oxidative stress is not a “disease” in the traditional
sense of the word. It is the unwanted effect of the break-
down of a biochemical equilibrium. Therefore it can im-
pact, often deceitfully, upon the onset and/or course of
several basic diseases. As it is not a classical disease,
oxidative stress does not exhibit a specific clinical pic-
ture but hides itself behind the symptoms and signs of
the basic disease. Therefore, oxidative stress can be
found only if the clinician submits the patient to specific
biochemical tests.

At long last, research now offers clinicians and nu-
tritionists the opportunity to identify and quantify many
markers of oxidative stress, which are currently used
with the general purpose of preventing oxidative dam-
age, diagnosing and monitoring oxidative stress, and
evaluating the indications and effectiveness of antioxi-
dant supplementations and/or therapeutic interventions
(6). Some of these markers have even been proposed as
being predictive of disease (7).

The aim of this review was to analyze, with refer-
ence to the scientif ic literature, the analytical perfor-
mance and clinical applications of currently available
tests for the routine assessment of the oxidative balance,
especially in the field of nutrition. 

OXIDATIVE STRESS AND ITS IMPACT ON NUTRI-
TION AND METABOLIC DISEASES

Oxidative stress is a pathological condition triggered
by the damaging action of abnormally increased
amounts of OCS on the cells and tissues of the body. It
is the direct consequence of an increased generation of
OCS and/or a reduced physiological activity of antioxi-
dant defenses against OCS, like free radicals (1, 5).

Free radicals are single or grouped atoms having at
least one outer orbit “occupied” by one single electron
(“unpaired”) instead of a couple of electrons (“lone
pair”) (1). Antioxidants are chemical or biological
agents able to neutralize the potentially damaging action
of free radicals (8). Some antioxidants (e.g., the en-
zymes superoxide-dismutase and catalase) are endoge-
nous, that is, they are normal components of the body,
while others (e.g., vitamins C and E) are exogenous and
must be taken from the external environment, e.g., by
eating fruits and vegetables (8).

Our body, even in normal conditions, produces a de-
fined amount of free radicals due to the physiological
cell metabolism (1, 9). For instance, the synthesis of
some hormones involves the generation of free radicals

whilst polymorphonuclear leukocytes exploit the pro-
duction of free radicals to kill bacteria, thus helping the
body against infections (1, 3). Other free radicals, such
as nitric oxide, are fundamental in the body’s homeosta-
sis because they modulate important functions including
vascular tone, platelet aggregation, cell adhesion, and so
on (10). Free radicals (and other OCS) have been de-
fined as “irreplaceable journey companions” of cell life
(11). The causes believed to be responsible for an in-
creased production of free radicals may have different
origins, which can be of a physical, chemical or biologi-
cal nature.

In its healthy state, the body is able to prevent dam-
age by free radicals because of the natural defense sys-
tem of antioxidants, whose name indicates the ability of
these agents to counteract the oxidant action of free rad-
icals and other OCS (8). A reduced effectiveness of such
a system is substantially ascribable to an absolute or rel-
ative deficiency of antioxidants, independently of the in-
volved mechanism.

Free radicals are potentially dangerous because they
have the spontaneous tendency to fill their unfilled outer
orbit with a second electron (1, 2). Indeed, the presence
of 2 electrons in the same orbit is the condition of maxi-
mal energetic stability. Therefore, when a free radical is
close to a target molecule, having one or more available
electrons, such as the molecule of an unsaturated fatty
acid (e.g., arachidonic acid), it immediately pulls out the
electron from the target molecule. Due to this effect, the
so-called oxidant action, the original free radical loses
its potential dangerousness whilst the newly generated
molecule is damaged and becomes a new free radical,
thus perpetuating, if no antioxidants are available, the
initial reaction to other molecules including carbohy-
drates, lipids, amino acids, peptides, proteins, nu-
cleotides, and nucleic acids (a chain effect) (12). 

The amount and quality of nutrients taken – as a
function of genetic, immunological and psychoneuro-
logical-hormonal factors, lifestyle (exercise, cigarette
smoking, alcohol use), concomitant diseases and drug
intake – affects the oxidative balance in our body (1, 13,
14). For instance, oil-based foods can contain large
amounts of lipoperoxides, which can increase the level
of OCS in our body (15). We should also consider the
potential impact on health of oxidized compounds in an-
imals for human consumption, with a potential risk de-
pending on the modality of rearing cattle, pigs, poultry,
rabbits, fish, etc. (16-20). On the other hand, depending
on environmental factors (acid rain, inadequate soil),
many technological processes (refinement, temperature
changes, packaging, storage), pharmacological treat-
ments (pesticides) and cooking modalities (types of
oven) can variously impact the amount of biologically
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active antioxidants in the foods (21, 22). Moreover, the
delicate balance between prooxidant and antioxidant
factors can be impaired even by quantitative changes of
nutrients. In particular, a calorie excess – often related
to alcohol abuse and inadequate exercise – can increase
per se the mitochondrial activity, thus generating more
oxygen-centered OCS by the aerobic route (respiratory
chain) while restriction of calorie intake may be benefi-
cial also in light of the aging process (23). Overweight
or obesity may further increase the production of OCS,
often by activating inflammatory processes (24, 25). 

The increased production of OCS, frequently due to
impairment of the effectiveness of AOS, can lead to the
production and release of many OCS in the blood, with
extension of the oxidative damage from one tissue to the
whole body.

One of the most common mechanisms by which
OCS, after overcoming the antioxidant defenses, can at-
tack the biochemical components of our body is the gen-
eration of so-called hydroperoxides (ROOH), a class of
reactive oxygen metabolites (ROMs) (26). In this patho-
physiological model – due to exogenous stressors (physi-
cal, chemical and biological agents) and/or metabolic ac-
tivity (particularly in the plasma membrane, the mito-
chondria, the endoplasmic reticulum and cytosol) – the
cell starts to produce increasing amounts of free radicals,
among which the very powerful hydroxyl radical (HO•),
one of the most potentially dangerous reactive oxygen
species (ROS) (1). Indeed, hydroxyl radicals can “hit”
every kind of molecule including carbohydrates, lipids,
amino acids, peptides, proteins, nucleotides, and nucleic
acids. As a consequence of this action, every molecule

Aceruloplasminemia
Acute and chronic alcoholic liver diseases
Acute autoimmune myocarditis
Acute chest syndrome of sickle cell disease
Acute pancreatitis
Acute respiratory distress syndrome
Alcoholic liver disease
Alzheimer’s disease
Amyotrophic lateral sclerosis
Arterial/systemic hypertension
Asbestosis
Asthma
Ataxia telangiectasia
Atherosclerosis
Atopic dermatitis 
Brain ischemia
Bronchopulmonary dysplasia
Burns
Cancer (several kinds)
Cardiopulmonary bypass
Cardiovascular diseases
Cataract
Cellulitis
Chemotherapy side effects
Chronic fatigue syndrome
Chronic hepatitis C
Chronic kidney disease
Chronic obstructive pulmonary disease
Chronic renal failure
Colitis
Coronary artery disease
Creutzfeldt-Jakob disease
Crohn’s disease
Cutaneous leishmaniasis
Cystic fibrosis
Diabetes mellitus type 1
Diabetes mellitus type 2
Dislipidemia 

Down’s syndrome
Eclampsia
End-stage renal disease
Erectile dysfunction 
Friedreich’s ataxia
Heart failure 
Helicobacter pylori infection/inflammation
Hemodialysis
Hepatic cirrhosis
Human immunodeficiency virus infection
Huntington’s disease
Hyperbaric diseases
Hypercholesterolemia
Hyperhomocysteinemia
Hyperlipidemia
Idiopathic pulmonary fibrosis
Interstitial lung disease
Ischemia-reperfusion injury
Juvenile chronic arthritis
Kidney transplantation
Leukemia 
Lung cancer
Lung injury
Macular degeneration
Male infertility
Ménière’s syndrome
Meningitis
Mild cognitive impairment
Multiple sclerosis
Myelodysplastic syndromes
Myocardial infarction
Myocarditis 
Neonatal bronchopulmonary dysplasia
Obesity
Osteoarthritis
Osteoporosis
Pancreatitis
Parkinsonisms

Parkinson’s disease
Periodontal disease
Peritoneal dialysis
Photoaging
Preeclampsia
Primary biliary cirrhosis
Professional bronchopulmonary diseases
Progeria
Psoriasis
Psoriatic arthritis
Pulmonary hypertension
Radiotherapy side effects
Reactive arthritis
Renal cell carcinoma
Respiratory distress syndrome
Retinopathy of prematurity
Retrolenticular fibroplasia
Rheumatic disease
Rheumatoid arthritis
Sarcoidosis
Sepsis
Sickle cell disease
Sleep apnea
Spherocytosis
Spinal cord injury
Stroke
Synucleinopathies
Systemic amyloidosis
Systemic lupus erythematosus
Systemic sclerosis (scleroderma)
Thrombophilia
Tauopathies
Tubercolosis
Unstable angina
Uremia
Venous insufficiency 
Werner’s syndrome 

TABLE I - HUMAN DISEASES MOST FREQUENTLY ASSOCIATED WITH OXIDATIVE STRESS (from reference 6, modified)
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loses an electron and becomes, in turn, a radical.
A radical chain reaction starts, leading to the genera-

tion of hydroperoxides if molecular oxygen (by respira-
tion) is present. Although hydroperoxides are relatively
stable chemical species, they have the potential to gener-
ate free radicals and to oxidize other molecular targets.
For this reason the cell pulls the hydroperoxides into the
external environment, i.e., the extracellular matrix and fi-
nally the extracellular fluids, including blood, cere-
brospinal fluid, pleural fluid, etc. 

When a condition of ischemia is induced due to pro-
longed vasoconstriction or partial thrombus, the reduced
availability of oxygen inside the microcirculation (hypox-
ia) compels the cell to activate the anaerobic metabolism,
with the release into the small blood vessels of acidic
metabolites, including lactate. The consequent lowering
of the pH may induce a conformational change of transi-
tion metal-carrier proteins, including transferrin and ceru-
loplasmin. The low–pH-induced conformational change
of transferrin then causes the release from the carrier of
iron, which acts as a catalyst in the so-called Fenton reac-
tion where hydroperoxides are broken into alkoxyl (RO•)
and hydroperoxyl (ROO•) radicals (27). Both radicals are
able to oxidize the endothelium surface or the circulating
lipids and cholesterol, thus favoring atherosclerosis. In
this context we should consider as “bad” the oxidized
cholesterol, independently of its being bound to low- or
high-density lipoproteins (28, 29). It is evident, though,

that hydroperoxides are not only the witnesses or markers
of oxidative stress (due to their origin from the cell) but
also potential amplif iers of the initial damage to the
whole body (due to their ability to circulate in the extra-
cellular fluids) (30).

Every nutritional antioxidant regimen must be care-
fully evaluated by the clinician or the nutritionist as a
function of the individual response. It is, in fact, impor-
tant to highlight the role that every individual, with his or
her biological patrimony, can play in conditioning the re-
sponse to foods and antioxidant supplements proposed to
maintain or reach a satisfying oxidative balance, also with
the aim of preventing common invalidating diseases (31-
33). In this respect, we should carefully consider the role
of the whole gastroinstestinal apparatus, including the
oral cavity (34-36).

In the small intestine, for instance, diseases such as
celiac disease can find in oxidative stress a biunivocal re-
lation (37, 38). The immunological disease underlying the
illness may increase the production of OCS in the mucosa
and this phenomenon in turn may decrease the absorption
of antioxidants, thus favoring a condition of oxidative
stress (increased production of oxidants/decreased effica-
cy of antioxidant systems). On the other hand, in the large
bowel, every pathological change in the intestinal bacteri-
al flora due to an unbalanced diet or antibiotics may lead
to an impairment of oxidative balance and therefore to tis-
sue damage (39). 

TABLE II - MAIN TESTS TO EVALUATE OXIDATIVE BALANCE (IN BLOOD)

Tests to measure oxidant capacity/potential Tests to measure antioxidant capacity/potential

Total capacity/potential d-ROMs test Total capacity/potential TAS, OXY-ADS, TRAP/ORAC
TOS/TMP FRAP, BAP, CUPRAC

Specific capacity/potential AGE Specific capacity/potential Superoxide dismutase
MDA/TBAR Glutathione peroxidase
Conjugated dienes Catalase
Isoprostanes Ascorbate
Lipoperoxides Carotenes
Hydroxyalkenals Tocopherols
Penthane/ethane* Albumin
Ox-LDL Uric acid
AOPP Bilirubin
Protein carbonyl Ceruloplasmin (?)   
8-OH-dG  Transferrin   
Myeloperoxidase  Ferritin   
Chemiluminescence   Haptoglobin    
NPBI  Plasma thiols  

8-OH-dG, 8-hydroxy-2’-deoxyguanosine; AGE, advanced glycation end products; AOPP, advanced oxidation protein product; BAP, biological antioxidant poten-
tial; CUPRAC, cupric reducing antioxidant capacity; FRAP, ferric reducing ability of plasma; MDA, malondialdehyde; NPBI, non-protein-bound iron; ORAC,
oxygen radical absorbance capacity; Ox-LDL, oxidatively modified low-density lipoproteins; OXY-ADS, OXY-adsorbent; TAS, total antioxidant status; TMP,
trimethylphosphorothioate; TOS, total oxidant status; TRAP, total peroxyl radical trapping capacity assay; TRBAR, thiobarbituric reactive species

*On exhaled breath. •On polymorphonuclear leukocytes.  
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Lastly, we should also consider the importance of the
oral cavity. It seems to have been ascertained that a local
change in oxidative balance can favor periodontal disease,
which in turn may lead to risk of cardiovascular diseases,
where inflammation and oxidative stress may play a ma-
jor pathogenic role (34-36, 40). Therefore, both the quali-
ty and the amount of food, by impairing the oral oxidative
balance, may affect distant organs via oxidative stress.

The relationship between oxidative stress and nutri-
tion becomes evident when we consider the most com-
mon metabolic disorders, such as metabolic syndrome
and type 2 diabetes mellitus, where hyperglycemia, in-
sulin resistance and inflammation are the most relevant
determinants of oxidative stress (41). Moreover, an in-
creased production of OCS is closely related to the com-
plications of diabetes (cardiovascular diseases, neuropa-
thy, etc.) (42). 

These findings suggest that very close relationships
exist between oxidative stress and nutrition. In a vicious
circle where abnormal lifestyles favor the onset of local
and systemic oxidative damage (which in turn may de-
crease the bioavailability of antioxidants with amplifica-
tion of initial lesions), it is not easy to establish whether
OCS are the cause or the effect of the observed disease.
However, one thing seems evident: the identification by
means of reliable analytical tools of the impairment of the
oxidative balance is the right premise for every rational
attempt to correct the imbalance between OCS produc-
tion and AOS efficacy and hence to contribute, in a more
scientifically solid and not purely empirical manner, to
“adding life to years and years to life”.

OXIDATIVE STRESS MEASUREMENT 

Principles

According to the generally accepted definition of ox-
idative stress given above, an increased production of OCS
and/or a decreased efficacy of the antioxidant defense sys-
tem inside or outside the cells may lead to the (per)oxida-
tion of a number of biomolecules with generation of
(per)oxidized by-products (e.g., hydroperoxides, chlo-
ramines, advanced glycosylation end products, iso-
prostanes, 8-OH-dG) (43). This may be followed by an in-
crease in (per)oxidized by-products and/or a reduced con-
centration/activity of antioxidants either in tissues or extra-
cellular fluids, which will represent the optimal specimens
in which to evaluate the oxidative stress (6). 

When a condition of oxidative stress is generated in a
living organism, a number of OCS may accumulate at lev-
els above the physiological limits in tissues and/or biologi-
cal fluids. The first analytical approach therefore involves

the direct measurement of such oxidant(s) in a biological
specimen. This goal can be achieved by using electron
spin resonance (44) for radical OCS like hydroxyl or per-
oxyl radicals, or other photometric/fluorescent methods
for nonradical OCS like hydrogen peroxide. When direct
measurement of OCS is not possible, different methods,
referred to as fingerprinting, must be applied (45). Ac-
cording to this approach, a radical is inferred from the
molecular nature of the damage it causes to biological
molecules (45). When the oxidative stress is great enough
to overcome the antioxidant defense, the reactive chemical
species can theoretically damage every component of the
cell, including lipids, amino acids, proteins, and nucleic
acids, thus generating oxidized by-products. These dam-
aged molecules – or the products resulting from their
breakdown – are the “fingerprinting”. In other words, ox-
idative damage is presumed to happen in vivo when it gen-
erates identifiable and quantifiable specific by-products in
vitro. These by-products are assumed to be biomarkers of
oxidative status (45). Notably, some of these “biomark-
ers”, like hydroperoxides, can also act as “amplifiers” of
oxidative damage, which underscores the importance of
detecting these molecules in order to reduce not only the
effect but also the cause of oxidative stress (30, 46). 

The evaluation of antioxidant defenses – which is ap-
parently easier than the quantification of OCS – is gener-
ally possible by direct methods evaluating the activity of
enzymes (e.g., superoxide dismutase, catalases and peroxi-
dases) or water/lipid-soluble antioxidants (e.g., vitamin C
and E) by means of photometry or fluorescence. For the
evaluation of both oxidant and antioxidant capacity, some
tests provide a global idea of the oxidant or antioxidant
status (e.g., d-ROMs test and Total Antioxidant Status, re-
spectively), while others provide the quantification of a
specific enzymatic activity or concentration (e.g., mea-
surement of glutathione peroxidase activity or serum lev-
els of tocopherols, respectively).

On this basis we chose to classify the most commonly
available methods for oxidative stress assessment into 2
main categories: tests to evaluate the oxidative status and
tests to evaluate the antioxidant status. In each category we
will further distinguish, when adequate, direct from indi-
rect methods and global from selective methods. Further
classifications can be made depending on the biological
source (e.g., plasma, exhaled breath, etc.). 

Methods to assess oxidant capacity and potential

Global assessment methods

Total oxidant status is generally evaluated by ex-
ploiting the ability of a biological sample (e.g., blood
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serum or plasma) to oxidize a chromogenic substrate
whose color change is quantified photometrically. The
most common substrates for routine analysis having the
property to change their color due to the oxidant action
of a biological sample are N,N-diethyl-paraphenyl-
enediamine and xylenol orange. The former is used in
the d-ROMs test, the latter in the FOX test.

Although initially interpreted as a method to evalu-
ate the levels of hydroperoxides, the d-ROMs test is a
suitable test to evaluate total oxidant status in a serum or
plasma sample or other extracellular fluid, including
cerebrospinal fluid and pleural effusions (47- 49). This
test is based mainly on the application in vitro of a phe-
nomenon that occurs in vivo (in the microcirculation).
In fact, the dilution of the blood sample (serum/plasma)
in an acidic buffered solution induces – as observed in
vivo when a condition of ischemia with microacidosis
occurs – the release from the transferrin of iron ions,
which as free ions can catalyze the blood hydroperoxide
breakdown and generate free radicals (RO•, alkoxyl, and
ROO•, hydroperoxyl radicals). When the colorless oxi-
dizable chromogenic substrate (N,N-diethyl-para-
phenylenediamine) is added to this solution, the highly
unstable newly generated free radicals (RO• and ROO•)
pull out an electron from the aromatic amine, which be-
comes a colored radical cation. The latter is relatively
stable and can be detected and measured. The chro-
mogen is originally colorless and becomes pink to red
when it releases an electron. Based on the pink color in-
tensity, which is proportional to the radical cation con-
centration, it is possible, using a photometer (calculation
of the absorbance change at 505 nm, Δabs/min), to evalu-
ate the concentration of free radicals and hence the con-
centration of hydroperoxides initially present in the bio-
logical sample; the use of an adequate biochemical stan-
dard, i.e., control serum with a known value, is essential
for a correct measurement (30). The proof of this princi-
ple was provided years ago and subsequently confirmed
by an expert team of the Italian National Research
Council (CNR) validating the test by electron spin reso-
nance spectrometry, which is the technique universally
recognized as the gold standard to study radical species
in vitro (30, 50). Thanks to this comparison it was
demonstrated that the signal obtained by performing the
d-ROMs test in a flat cell of an electron spin resonance
spectrometer can be fully overlapped by the one ob-
tained by following, in parallel, the course of the same
reaction with a photometer. However, pretreatment of
the serum sample with a chelating agent such as ethyl-
enediaminetetraacetic acid (EDTA), thereby making the
iron unusable for catalysis, is followed by a significant
reduction but not annulment of the ESR/photometric
signal. This experimental finding indicates that at least a

part of the absorbance change at 505 nm, as detected by
performing the d-ROMs test, is not due to hydroperox-
ides but also to other OCS and/or enzymatic activity
(30). For instance, the so-called chloramines, which are
believed to be reliable markers of the hypochlorous–
acid-induced oxidative damage on peptide or protein
amine groups, can contribute to the absorbance change
of the d-ROMs test (51). Moreover, since pretreatment
of serum samples with sodium azide, a compound be-
lieved to be an inhibitor of the (iron)oxidase activity of
ceruloplasmin, decreases the absorbance change, it is
possible that the d-ROMs test evaluates, although mini-
mally, the oxidation of N,N-diethyl-paraphenylene-
diamine apparently due to the ceruloplasmin at low pH
(30). Interestingly, this ceruplasmin activity seems to be
related to the vascular damage rather than to a protective
effect (52). In any case, by indicating the possibility that
the d-ROMs test can measure more than one class of ox-
idants, which in turn are derived from different metabol-
ic pathways, these findings reinforce the clinical signifi-
cance of the d-ROMs test as a reliable method to obtain
a global and suitable measure of the “total” serum/plas-
ma oxidant status (30, 53). The normal range is 250 to
300 CARR U (Carratelli Units, name after the inventor),
where 1 CARR U is equivalent to 0.08 mg/dL hydrogen
peroxide. The result of many studies indicate that the d-
ROMs test is a reliable, precise, and repeatable test with
acceptable within-run and between-run coefficients of
variation (CV), either with manual or automatic proce-
dures (1-3%), including a multi-well analytical system
(54, 55). The lowest limit of sensitivity is estimated to
be 17 CARR U. The maximal linearity is within the
range of 50 to 500 CARR U. The test is not subject to
analytic interference by most common serum analytes,
including triglycerides (up to 28.2 mmol/L), hemoglobin
(up to 0.068 mmol/L) and bilirubin (up to 171 mmol/L)
(54). The d-ROMs test has proved useful in many clini-
cal trials on nutrition and metabolism in humans (56)
and animals (18-20, 57).

Total oxidant status can be measured also by exploit-
ing the redox properties of xylenol orange. In the FOX
test, the oxidant capacity of a serum or plasma sample is
quantified by the amount of xylenol orange generated
by ferric ions, as produced from ferrous ions by the
sample oxidants (58). The test proved to be reliable not
only on plasma but also in vitro on parenteral nutrition
solutions (59). 

Specific or selective assessment methods

The oxidant capacity and potential can be measured
more selectively by quantifying specific radical or non-
radical OCS.
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Radical species, which are generally short-living
species, can be measured directly by means of electron
spin resonance or nuclear magnetic resonance spec-
troscopy, which includes a double approach, i.e., the di-
rect quantification of free radicals and the indirect mea-
surement by spin trapping methods (60). Specific meth-
ods are now available also for biological nitric oxide
(61). 

Unfortunately, although electron spin resonance/nu-
clear magnetic resonance spectroscopy remains the gold
standard for direct measurement of free radicals, it is not
suitable – at the moment – in clinical practice because
of its limited availability  and relatively high costs. 

Nonradical species such as hydrogen peroxide can
be measured in plasma or other extracellular fluids (in-
cluding exhaled breath) by means of photometric meth-
ods based on the use of catalase (62). 

Indirect or f ingerprinting methods can be further
classified according to the chemical nature of the origi-
nal hit molecule, e.g., carbohydrates, lipids, amino
acids, peptides, proteins, and nucleic bases. In particu-
lar, exposure to increased levels of sugars may induce
the non-enzymatic glycation of lipids, proteins or nucle-
ic acids, thus generating – through some key intermedi-
ates such as methylglyoxal – the so-called advanced gly-
cation end products, which are prevalent in (but not ex-
clusive for) the diabetic vasculature and contribute to
the development of atherosclerosis (63). Advanced gly-
cation end products are by-products that are able to
block nitric oxide activity in the endothelium and cause
the production of ROS.

Lipids due to the presence of one or more double
bonds between carbon atoms in their mono- and polyun-
saturated fatty acid moieties, respectively, are particular-
ly susceptible to the oxidative attack (1). The main tar-
gets of OCS are either membrane or serum/plasma
lipids. 

Increased oxidant levels or activity may affect the
plasma membrane integrity mainly by isomeric conver-
sion and lipoperoxidation processes, which can be moni-
tored by different analytical approaches. The isomeric
conversion is the inversion of the naturally occurring cis
conformation to the non-natural and pathological trans
conformation at the level of a double bond between 2
carbon atoms. It seems that this change is mainly due to
an excess of thiyl radicals (R-S•) (64). The isomeric in-
version may reduce the distance between phospholipids
and increase the membrane rigidity, thus impairing the
metabolic exchanges between the cell and its environ-
ment. Now the distribution of all fatty acids including
the trans component in the plasma membrane can be
evaluated by means of the lipidomic approach, that is,
by means of the mass spectrometric or gas chromato-

graphic determination of the erythrocyte plasma mem-
brane fat profile (64, 65). This new analytical approach
is very intriguing because it virtually allows the clini-
cian to establish the need for polyunsaturated fatty acids
and to select which kind of fatty acids are required by
every individual for personalized supplementation.

Peroxidation of membrane lipids can be very dam-
aging because it leads to alterations in the biological
properties of the membrane, including the degree of flu-
idity; it may also lead to inactivation of membrane-
bound receptors or enzymes, which in turn may impair
normal cellular function and increase tissue permeabili-
ty (66). Moreover, lipid peroxidation generates many ox-
idized and sometimes reactive by-products that are able
to amplify the initial oxidative damage (12). Most of
these by-products are detectable in tissues and biological
fluids, and may therefore be useful as biomarkers of ox-
idative stress (6). Lipid peroxidation, which plays a ma-
jor role in arteriosclerosis, inflammation, and mitochon-
drial function, is a complex process consisting of 3
stages: initiation, propagation, and termination. For each
stage, there are many available methods to quantify the
progress of this process and the evidence for its exis-
tence (6). For instance, because lipid peroxidation caus-
es loss of substrates, such as unsaturated fatty acid
chains, the measurement of lipid content before and af-
ter exposure may give an indication of peroxidation. In
addition, because oxygen is consumed during the propa-
gation stage, measurement of its uptake by oxygen elec-
trodes may serve as a tool for evaluating the progress of
oxidation (6). According to the classical radical chain
reaction of lipid peroxidation, after the abstraction of a
hydrogen atom by a reactive species, rearrangement of
the fatty acid radical occurs. This process is character-
ized by the early formation of a conjugated diene, which
can be easily monitored by UV spectroscopic means
(67). In the last stage of the peroxidation process, perox-
ides are decomposed to a variety of relatively stable de-
composition products including α and β-unsaturated re-
active aldehydes such as malondialdehyde (MDA), 4-hy-
droxy-2-nonenal (HNE), and 2-propenal (acrolein) (6).
All of these are termed thiobarbituric reactive species
(67). This method, which produces an easily measurable
pink color, is one of the most widely used assays to as-
sess peroxidation in the whole organism. It does not,
however, provide early information and is not complete-
ly specific, at least not for MDA, which should be mea-
sured as “free MDA” (68). The end products of other
aldehydes, e.g., hexanal, can be evaluated by liquid
chromatography-mass spectrometry (6).

Among the by-products of lipid oxidation are also
F2-isoprostanes, a large family of F2-prostaglandin-like
compounds derived from the non-enzymatic oxidation
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of arachidonic acid (6). Once produced, they are re-
leased into the bloodstream, where they are rapidly me-
tabolized – although not as rapidly or as extensively as
prostaglandins – and eliminated. Their rapid disappear-
ance from plasma may hamper practical application (6).
However, ex vivo or in vitro F2-isoprostanes are relative-
ly stable and can be measured in plasma or urine as a re-
liable marker of oxidant status in several clinical condi-
tions including acute and chronic inflammation, is-
chemia-reperfusion injury, liver disease, diabetes, and
atherosclerosis; they are particularly useful in the moni-
toring of the antioxidant response to dietary supple-
ments (6, 69). Measurement of F2-isoprostanes is there-
fore believed to be one of the most reliable approaches
for the assessment of oxidative stress derived from lipid
peroxidation at the moment (6). Different analytical ap-
proaches have been developed, among which the associ-
ation of mass spectrometry with gas chromatography is
considered the gold standard because it allows to identi-
fy the exact chemical nature of the different kinds of
isoprostanes and to distinguish these by-products from
other prostanoids. These methods, however, require ex-
tensive preparation of the material (e.g., phospholipid
extraction and alkaline hydrolysis) and/or expensive in-
strumentation (6). Novel immune assays based also on
RIA technology, although less specific, have therefore
been proposed for routine analyses (6). 

The last stage of the lipoperoxidation process can be
evaluated by measuring exhaled hydrocarbon gases, such
as pentane and ethane, using gas chromatography (70).

The oxidative attack on lipids may also impair circu-
lating lipoproteins, especially low-density lipoproteins
(LDL), with generation of oxidized by-products (7, 71).
Such oxidatively modif ied LDLs (ox-LDL) are more
potent proatherosclerotic mediators than the native un-
modified LDLs. Indeed, ox-LDL may alter endothelium,
decreasing the gene expression of endothelial cell nitric
oxide synthase, and activate inflammatory cells, thereby
facilitating the release of a number of growth factors
from monocytes/macrophages (7). Many methods are
now available to quantity ox-LDL in plasma; they are
based on the detection of ox-LDL by means of antibod-
ies or on the quantif ication of antibodies against ox-
LDL (71). More recent evidence shows that even high
density lipoprotein (HDL), widely considered as a pro-
tection factor against cardiovascular risk, can undergo
oxidation to ox-HDL by myeloperoxidase-derived
hypochlorous acid, thus raising again the question that
the so-called bad cholesterol should be identified in all
types of oxidized cholesterol, independently of its bind-
ing to LDL or HDL (72). More studies need to evaluate
the possible predictive role of total plasma lipoperoxides
in cardiovascular diseases. In the meantime, many ex-

perimental methods are now available to quantify ox-
LDL (73).

Besides sugars and lipids, OCS can variously impair
protein integrity and thus produce a number of oxidized
by-products, some of which have been proposed as
markers of oxidative stress. In this scenario, the oxida-
tion of several amino-acid side chains (e.g., lysine, argi-
nine, proline and threonine) may generate the so-called
protein carbonyls, whose detection is exploited as a reli-
able approach to evaluate the effect of oxidative stress
on proteins (74). Similar information may be provided
by measuring advanced oxidation protein products
(AOPP) using spectrophotometry on a microplate reader
(6). Potentially useful is also the evaluation of oxidative-
ly modified amino acids, peptides and proteins by chlo-
rination, nitration, hydroxylation, and glutathionylation
reactions (6).

Finally, increased oxidative stress may affect the
base moiety of nucleic acids, particularly the guanosine
residues, thus generating 8-hydroxy-2’-deoxyguanosine
(8-OH-dG), whose level is considered an index of ox-
idative DNA damage (6). This modified nucleo-base can
be measured in urine by coupling mass spectrometry to
gas-liquid chromatography, considered as the gold stan-
dard, and/or antibody-based techniques (75). Interesting-
ly, the level 8-OH-dG decreased after carotenoid intake
in women previously treated for breast cancer (76). Of
course, DNA can also be damaged by OCS, like nitro-
gen-centered species, undergoing mainly nitration and
deamination of purines, but the methods for the mea-
surement of the relative by-products need more refine-
ment and validation before they can be routinely applied
to human materials (6).

Other methods to evaluate oxidative status

Infections and other reactive processes like autoim-
mune disorders can activate polymorphonuclear leuko-
cytes, thus inducing the so-called “respiratory burst”
(1). In this process bacteria, lipopolysaccharides and au-
toantibodies activate the NADPH oxidase with genera-
tion of superoxide anion. The latter is converted to hy-
drogen peroxide by superoxide dismutase. Both super-
oxide anion and hydrogen peroxide are useful ROS able
to kill bacteria. Any excess hydrogen peroxide is scav-
enged by the catalase(s). However, when the infectious
or inflammatory burden is high, the excess of such ROS,
including singlet oxygen, may lead to oxidative tissue
damage (1). In particular, hydrogen peroxide can react
with chloride ions and generate hypochlorous acid, a
powerful oxidant, by the activation of myeloperoxidase.
Hypochlorous acid in turn may hit every amine group,
finally generating oxidized by-products like chloramines
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( 51). On the other hand, hydrogen peroxide may also
generate the powerful oxidant hydroxyl radical via the
Fenton reaction if free iron is available (27).

Some new tests have been developed to measure the
above phenomena and to provide new reliable markers
of oxidative stress. In particular, the respiratory burst
can be evaluated by performing a chemiluminescence
assay on leukocytes ex vivo (77). Briefly, leukocytes are
separated from plasma and other blood cells and incu-
bated alone or with specific stimuli such as phorbol es-
ter. The subsequent emission of photons is quantified af-
ter amplification of the signal with luminol. Baseline
and post-stimulus chemiluminescence is interpreted as a
measure of the ability of leukocytes to produce ROS.
Unfortunately this approach provides only a measure of
leukocytes’ respiratory burst and is of limited use in free
radical research (78).

The evaluation of myeloperoxidase activity seems to
be more promising and was recently proposed as a reli-
able marker in cardiovascular diseases because of its re-
lationship to HDL oxidation (79). Alternatively, mea-
surement of chloramines may provide a surrogate mark-
er of hypochlorous–acid-induced oxidation (51).

Finally, in inflammatory conditions the detection of
free iron, the only substance able to catalyze the perox-
ide breakdown via the Fenton reaction, should be con-
sidered as a reliable method to evaluate oxidative stress
(27, 80).

Methods to assess antioxidant capacity/potential/activity

Global assessment methods

One of the most important “first lines” of the antioxi-
dant defense system is located in the extracellular fluids.
Particularly in the blood, many organic molecules, either
exogenous (from diet and supplements) or endogenous
(from the cell metabolism), may contribute to protecting
our body against reactive chemical species, thus prevent-
ing or minimizing the unwanted side effects of oxidative
stress (81). Among these are proteins (mainly albumin),
bilirubin, uric acid, cholesterol, antioxidant vitamins (be-
ta-carotene, ascorbate, tocopherols), food antioxidants
(polyphenols, biofla-vonoids), protein and nonprotein thi-
ols, and many others (81).

It is conceivable that increased levels of OCS may
cause the depletion of one or different antioxidant
species in serum or plasma. Such depletion can be mea-
sured using a variety of biochemical techniques. Howev-
er, determination of total low-molecular-weight antioxi-
dants rather than individual antioxidants should precede
any other approach because all these chemical species

work in concert against oxidants. 
According to this principle, a number of tests aimed

at evaluating total antioxidant capacity (TAC) or total
antioxidant status (TAS) have been proposed to monitor
the body’s ability to counteract the potentially damaging
effects of OCS either in healthy or ill subjects, even af-
ter dietary antioxidant supplements (82, 83).

Methods to evaluate the overall antioxidant serum/
plasma barrier in clinical practice are generally based on
the reducing or oxidizing properties of a number of or-
ganic molecules or transition metals, respectively.

The methods based on reducing organic molecules
involve a 2-step reaction where the source of antioxi-
dants, i.e., plasma or serum, interacts with a source of
oxidants in the presence of a chromogenic oxidizable
substrate (81). The antioxidant capacity of the biological
sample is evaluated on the basis of its ability to inhibit
the oxidation of the chromogen, as monitored photomet-
rically (83). The most common tests based on this prin-
ciple are the classical TAS (Randox), the OXY-Adsor-
bent test (Diacron International), and the ORAC assay.

In the classical TAS, hydrogen peroxide reacts with
metmyoglobin (source of oxidants, with peroxidase activ-
ity) and oxidizes 2,2’-azino-bis(3-ethylben-zthiazoline-6-
sulfonic acid) (ABTS) (organic oxidizable substrate) to its
blue-green colored radical cation (ABTS®+); the ab-
sorbance can be photometrically measured at 600 nm
(84). The addition of serum or plasma to be tested causes
inhibition of this color production to a degree that is pro-
portional to the antioxidant capacity of the biological
sample. Many compounds may contribute to such antioxi-
dant activity: albumin (43%), uric acid (33%), ascorbate
(9%), alpha- tocopherol (3%), bilirubin (2%) and un-
known chemical species or activities (10%) (85). Results
are expressed as mmol/L of Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) equivalents. The
reference value in apparently healthy adult people is 1.54
± 0.02 mmol/L (85).

The OXY-Adsorbent test developed by Carratelli is
similar to the classical TAS, the only differences being
the source of oxidants, i.e., hypochlorous acid, and the
organic chromogenic substrate, i.e., N,N-diethyl-
paraphenylenediamine, which can be monitored at 505
nm (86, 87). Because the oxidant power of hypochlorous
acid is higher than that of metmyoglobin, the OXY-Ad-
sorbent test may detect more classes of antioxidants than
the classical TAS. Results are expressed as mmol/L of
(absorbed) hypochlorous acid. The reference value in
apparently healthy adult people is more than 350
mmol/L; in other words, normally, 1 mL of human plas-
ma is able to adsorb at least 350 mol of hypochlorous
acid (86, 87). 

The oxygen radical absorbance capacity (ORAC), con-
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ceptually similar to the OXY-Adsorbent test, is the proto-
type of the so-called total peroxyl radical trapping capacity
(TRAP) assay (81). According to the original version of
this method, thermal decomposition of azo-initiators gen-
erates at a constant rate peroxyl radicals, which are quanti-
fied by measuring the maximum oxygen uptake, the gener-
ation of luminol-enhanced chemiluminescence, or the de-
cay in phycoerythrin fluorescence (88). In particular, the
ORAC test measures the antioxidant scavenging activity of
a serum or plasma sample against peroxyl radical induced
by 2,2’-azobis(2-amidinopropane) dihydrochloride
(AAPH) at 37°C by using beta-phycoerythrin as a fluores-
cent probe (88). 

Finally, the total oxidant scavenging capacity (TOSC)
assay, which can be considered as an evolution of the
TRAP method, allows to evaluate the “adsorbent” capacity
of a biological sample against 3 powerful oxidants, hy-
droxyl radical, peroxyl radical, and peroxynitrite, by using
2-keto-4-methylthiobutyric acid (KMBA) as the oxidizable
substrate and by chromatographically monitoring the eth-
ylene produced (6, 89). 

The methods based on the reduction of a transition
metal evaluate the capacity or potential of a serum or plas-
ma sample as a function of its ability to reduce iron or
copper from Fe(III) to Fe(II) or Cu(II) to Cu(I), respective-
ly. The reaction can be monitored photometrically thanks
to a specific chromogen. 

The reduction of iron is the principle of the FRAP as-
say and BAP test. The ferric reducing ability of plasma
(FRAP) assay, designed by Benzie and Strain, is based on
the reduction of ferric tripyridyltriazine (FeIII-TPTZ) to
ferrous tripyridyltriazine (FeII-TPTZ), which develops an
intense blue color photometrically measurable by setting
the wavelength at 593 nm (90). Calibration can be per-
formed by means of solutions with known concentrations
of FeII (FeSO4

.7H2O). The antioxidant compounds con-
tributing to the ferric reducing ability of plasma are uric
acid (60%), ascorbate (15%), proteins (10%), alpha-toco-
pherol (5%), bilirubin (5%), and other unknown antioxi-
dants (5%) (90). The normal range measured in apparently
healthy Chinese subjects is between 612 and 1634 µmol/L
(90).

The biological antioxidant potential (BAP) test, devel-
oped by Carratelli and first described by Dohi and cowork-
ers, is based on the ability of a colored solution containing
a source of ferric ions adequately bound to a special chro-
mogenic substrate (a thiocyanate derivative) to decolor
when ferric ions are reduced to ferrous ions, as occurs
when a reducing/antioxidant system such as a plasma sam-
ple is added (91). Values above 2200 M reduced iron are
considered optimal in humans (91). This test proved very
promising in monitoring the antioxidant efficacy of food
and supplements (unpublished data). 

The reduction of copper by a serum or plasma sample
is the principle of the cupric reducing antioxidant capacity
(CUPRAC) assay. This test uses neocuproine (2,9-di-
methyl-1,10-phenanthroline), the Cu(I) complex of which
absorbs at 450 nm. A dilution curve generated by uric acid
standards is used to convert sample absorbance to uric acid
equivalents (92). 

Specific or selective assessment methods

Different biochemical techniques have been developed
to identify and quantify any specif ic component of the
serum/plasma barrier to oxidation. These assays are de-
signed to measure either endogenous (albumin, ferritin,
trasferrin, ceruloplasmin, uric acid, bilirubin, melatonin)
or exogenous non-enzymatic compounds (carotenoids, to-
copherols, ascorbate, polyphenols, bioflavonoids, seleni-
um, zinc, copper, magnesium). However, ceruloplasmin
may also exhibit prooxidant properties (52). 

Sometimes it can be useful to measure also the by-
products of these antioxidants after oxidative attack, like
allantoin (derived from oxidation of uric acid) or ascorbate
(derived from dehydroascorbate oxidation), or specific ra-
tios (e.g., ascorbate/dehydroascorbate or reduced/oxidized
glutathione).

In particular, the plasma level of thiols, according to
the –SHp test developed by Carratelli, can be measured on
the basis of the ability of thiol groups to develop a photo-
metrically evaluable colored complex (maximum ab-
sorbance peak 405 nm) when reacted with 5,5’-dithiobis-
2-nitrobenzoic acid (DTNB) (86, 93). The thiol titer direct-
ly parallels the color intensity. The range in healthy people
is 450-650 mmol/L (86). Decreased values directly corre-
late with a lowered efficacy of the thiol antioxidant barrier.
The –SHp test has been demonstrated to be a reliable assay
to monitor the effectiveness of thiol-based supplements in
Down’s syndrome (94). 

Enzymatic antioxidants, mainly superoxide dismutase
(SOD), glutathione peroxidase (GPx) and glutathione
transferase (GTx) can be measured in whole blood or
serum/plasma by specific photometric assays. SOD activi-
ty in erythrocytes is measured using xanthine as superox-
ide anion generator. Results are expressed as IU/g hemo-
globin. In apparently healthy adult men and women, SOD
activity is 954.30 ± 198.0 IU/g Hb and 967.60 ± 226.1
IU/g Hb, respectively (85). GPx activity in erythrocytes is
evaluated on the basis of a NADP+ shift at 340 nm. Results
are expressed as IU/g hemoglobin. In apparently healthy
adults GPx activity is 51.5 ± 13.0 IU/g Hb (85). GPx activ-
ity proved to be a reliable predictive marker of cardiovas-
cular events in a large cohort of individuals at 5 years of
follow-up (95). GTx activity in erythrocytes is also quanti-
fied on the basis of a NADP+ shift at 340 nm. Results are
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expressed as IU/g hemoglobin. In apparently healthy
adults GTx activity is 111.3 ± 16.5 MU/L (i.e., 0.841 ±
0.107 MU/g Hb).

Mixed methods

More recently, new tests able to measure the oxidant and
antioxidant capacity of a serum or plasma sample have been
developed. One of these assays is based on 3,3’,5,5’-tetram-
ethylbenzidine and its cation, used as a redox indicator par-
ticipating in 2 simultaneous reactions (96).

CONCLUSIONS

A MEDLINE search for “oxidative stress” yielded more
than 50,000 results (January 2008), underlining the impor-
tance of oxidative imbalance in the physiopathology of many
diseases including metabolism and nutrition disorders. At the
moment, although OCS can be considered either the cause or
effect of tissue damage, growing evidence suggests a role of
oxidative stress as an emerging health risk factor. In this sce-
nario many studies are aimed at translating the evidence of
basic research to the clinic and gaining full understanding of
the role of free radicals and antioxidants in healthy and ill
people. 

Current evidence indicates that the oxidative attack on
biomolecules produces one or more subclasses of oxidized
metabolites which may accumulate in body tissues and/or
fluids, thus suggesting oxidative damage. On the other hand,
a loss of antioxidants may mirror indirectly a tissue lesion
from OCS. 

On this basis we believe that biochemical evaluation of
the oxidative balance is a prerequisite for establishing
whether a subject is suffering from oxidative stress, because
this “transversal” condition is not associated with specific
symptoms and clinical signs (97). Therefore, any treatment
or supplement should be performed or given only after bio-
chemical evidence has demonstrated that the body level of
oxidants is increased and/or the amount or activity of antioxi-
dants decreased.

In this review we analyzed the most common available
methods and assays to evaluate oxidative balance in the clini-
cal routine. Some of the described tests are able to evaluate
the oxidant capacity while others are focused on the antioxi-
dant capacity of tissues or extracellular fluids, mainly blood.

The state of the art suggests that single measurement of
oxidant status or antioxidant status would be sufficient, but a
battery of measurements, many of which we described, will
be necessary to adequately assess oxidative stress in biologi-
cal systems.

Further studies should clarify the physiological role of

oxidants and antioxidants, and extensive research will be
needed to find the “ideal” biomarker. Meanwhile, the analyt-
ical approach suggested in this paper may lead clinicians to
appreciate the practical importance of oxidative stress and
help them understand how to act correctly in the choice and
monitoring of antioxidant treatments. The current trend to
prescribe antioxidants before a biochemical test has docu-
mented the real need for a supplement, especially in the pres-
ence of a nutrition or metabolic disorder, is not convincing. 
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