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Incremental reactive oxygen species (ROS) under adversity environment could cause oxidative dam-
ages to microorganisms during environmental applications. In this study, we highlight a novel role of
P. chrysosporium as antioxidants. The P. chrysosporium extracts possessed remarkable antioxidant activ-
ity, expressing a dose-dependent total antioxidant activity and accompanied with high reactive oxygen
radical (O,*-, *OH and H,0,) scavenging capacity. In addition, it was established that, various com-
pounds, such as antioxidant enzymes (catalase, superoxide dismutase and glutathione peroxidase) and
low-molecular-weight antioxidant components (glutathione, phenolics and flavonoids) existed steadily
in P. chrysosporium. Linear regression analysis and Pearson correlation coefficient analysis demonstrated
that enzymatic and non-enzymatic antioxidants took part in processes and acted as “antioxidant net-
work” in P. chrysosporium by confirming with the significant correlation coefficients among the tested
antioxidants. Furthermore, those tested antioxidants were found sensitive response to Cd exposure, a
2.78-fold and 2.35-fold of stimulation has been found in SOD and phenolics, respectively, which provide
a novel dimension to the involvement of antioxidants in the antioxidant defense system of P. chrysospo-
rium. The paper proposes a new validation procedure to specifically validate the admirable tolerance
and high efficiency of P. chrysosporium in environmental treatment application, taking advantage of the
remarkable antioxidant activity.
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overproduction [3,4]. Excessive ROS lead to cellular aging,
mutagenesis, DNA damage, oxidative damage, possibly through
destabilization of membranes and oxidation of low-density
lipoprotein, proteins, nucleic acids and lipids, due to the high reac-
tivity of radicals with a wide range of molecules [5].

Since the spontaneous and/or induced production of ROS,
antioxidants are critical to the control of ROS accumulation and

1. Introduction

Reactive oxygen species (ROS) are common outcome of normal
aerobic cellular metabolism implicated in all aerobic cells associ-
ated with oxidative processes. Reactive oxygen species are highly
reactive molecules or molecular fragments as a consequence of
aerobic respiration, which contain free radicals (such as superox-

ide anion (0,°7), hydroxyl radical (*OH)) and some non-radicals
(such as hydrogen peroxide (H,0,)) [1,2]. Increasing evidences
suggest that contaminants exposure, such as heavy metal and
xenobiotics, is considered as a key factor in intracellular ROS
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thus the perpetuation or attenuation of ROS signals. Antioxidants
are classified as exogenous (natural or synthetic) or endogenous
compounds, in terms of the inhibition role in initiating or propagat-
ing of oxidizing chain reactions, scavenging ROS or their precursors,
inhibiting formation of ROS, acting as the first-line defense against
ROS intracellularly and also extracellularly [6,7]. Natural antiox-
idant system is classified into two major groups, enzymatic and
non-enzymatic antioxidants.

Recent reports have described antioxidants and compounds
with radical scavenging activity present in plant, vegetables and
microorganisms [8-11]. The solvent extraction using different
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solvents has been the major method used to extract antioxidants
or to obtain antioxidant extracts rich in antioxidants. For example,
in the previous study conducted by Seatovi¢ et al. [12], superoxide
dismutases (SODs) were purified and partial characterized from the
thermophilic bacteria Thermothrix sp., and the specific activity of
the purified enzyme was 9191 U/mg. In addition, Xu and Zhu [13]
investigated the dynamic extracellular and intracellular phenolic
production and antioxidant activity in Inonotus obliquus extracts,
and a dose-dependence of antioxidant activity of extracellular and
intracellular phenolic compounds has been found. It was obviously
that the natural existence these extracts were widely studied, how-
ever, the interactional biological systems of those antioxidants as
an antioxidant network in the extracts was frequently neglected.

In recent years, it is interesting to note the development of
programs using microorganisms in wastewater treatment. Among
these, Phanerochaete chrysosporium (P. chrysosporium) possesses
the excellent biodegradation and biosorption ability which enable
them to degrade a wide range of xenobiotics and passivate heavy
metals [14-17]. Hence, besides its environmental significance,
among the special problems incurred by P. chrysosporium is the
need to effectively eliminate the excessive intermediate ROS gen-
erated during normal metabolic activity or as a consequence of
various exogenous environmental insults. However, according to
our knowledge, no previous study focused on the natural existence
of antioxidants and inherent antioxidant activity of P. chrysospo-
rium.

What is needed, therefore, is a thorough understanding of the
antioxidant systems and underlying mechanisms in P. chrysospo-
rium. It is self-evident that knowledge is required both on the
inherent activity antioxidant of P. chrysosporium intracellularly
or extracellularly setting and the identification of antioxidant
components for antioxidant system. Meanwhile, the information
on the relationship between antioxidant activity and antioxidant
composition of P. chrysosporium is essential. Such information is
interesting in and of itself, it is also essential in any future attempts
to raise tolerance to environmental oxidative stress in organisms
and to reduce cellular damage by active O, or extraneous oxidative
stress.

To understand these mechanisms, it is essential to identify
the antioxidant activity and to understand their biosynthe-
sis, metabolism, and regulation. Herein, in order to develop
dietary supplements and preventative treatments for offsetting the
adverse biological effects of ROS, the present study was conducted
with the aim of investigating the inherent antioxidant activity
and the composition of antioxidants in P. chrysosporium and their
roles in providing antioxidant defenses. Total antioxidant activity
(TAA) and reactive oxygen radical scavenging activity (RSA) (0,°",
*OH and H,0, scavenging activity) were studied to determine
the inherent antioxidant activity. In addition, various antioxidants,
involving antioxidant enzymes and low-molecular-weight antiox-
idant components, were quantified. Furthermore, the relationships
between antioxidant activity and various antioxidants were evalu-
ated to examine potential antioxidant mechanisms involving in P.
chrysosporium.

2. Materials and methods
2.1. Strains

The white-rot basidiomycete, P. chrysosporium BKMF-1767 was
purchased from the China Center for Type Culture Collection
(Wuhan) and maintained by subculturing on potato dextrose agar
(PDA) slants at 4°C. All the chemicals and reagents were of analyti-
cal grade and used without further purification. Distilled water was
used for the preparation of all the solutions throughout this study.

2.2. P. chrysosporium extract preparation

The P. chrysosporium biomass was collected after 5 days incu-
bation at 30°C, and then filtered and centrifuged at 12,000 rpm
for 10 min, then collected and rinsed with sterile ultrapure water.
A series mass of P. chrysosporium biomass (0-0.5 g wet biomass)
was weighed, and homogenated in glass homogenizer after addi-
tion of 5ml phosphate buffer solution (PB solution, 50 mM, pH
7.0) or ultrapure water. The soluble fraction was centrifuged at
12,000 rpm, 4°C, for 10 min, and then filtered for the preparation
of P. chrysosporium PB solution extract (PPE) and P. chrysosporium
water extract (PWE).

2.3. Total antioxidant activity assay

To measure the total antioxidant activity (TAA) of P.
chrysosporium extracts, scavenging of ABTS** was determined as
previously described [18]. 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) was dissolved in H, O, solution and incubated
for 1hin dark at room temperature, and then diluted with acetate
buffer to the absorbance of 0.70 (4+0.02) at 734 nm for the prepara-
tion of ABTS** radicals. The total antioxidant activity (AA/min) was
assessed by plotting the decrease in absorbance of ABTS** at 734 nm
vs time for 3 min, after adding 100 w1 P. chrysosporium extracts to
diluted ABTS** solution.

2.4. Reactive oxygen radical scavenging activity assay

*OH scavenger activity was measured according to Jeong et al.
[19], with minor modification. The assay was performed by orderly
mixing 1.5 mM FeSO4, 6 mM H,0,, 20 mM sodium salicylate and
P. chrysosporium extracts. The mixture was incubated for 30 min
in dark, and then the absorbance of the mixture was measured at
562 nm. O,*"-scavenger ability was conducted by comparing the
percentage of oxidation inhibition of pyrogallic acid at the pres-
ence of P. chrysosporium extracts. The inhibition ratio between
autoxidation and oxidation rate with the addition P. chrysospo-
rium extracts was detected to determine the O,*~-scavenger ability.
H,0, decomposition activity was determined by measuring the
reduction of H,0, by P. chrysosporium extracts after incubation for
1hindarkat30°C.

2.5. Antioxidants assays

Briefly, catalase (CAT) was measured with 50 mM PB solution
(pH 7.0)and 100 mM H;0, at 240 nm [20]. The CAT assays were cal-
culated as velocity constant of absorbance decrease through H,0,
consumption. One unit of activity was defined as the amount of
enzyme that decomposed 1 pmol of H,O, in 1 min under these
standard conditions. Superoxide dismutase (SOD) activity was
assayed by quantifying the inhibition of superoxide-dependent
pyrogallol (PAPG) self-oxidation by spectrophotometer at 320 nm.
The reaction mixture contained 100 mM Tris-HCl (pH 8.2) and
10 mM PAPG, and measured the absorbance at 320 nm. One SOD
unit is defined as the enzyme quantity that inhibits the autoxidation
of PAPG by 50%. Activity of the glutathione peroxidase (GSH-Px)
was monitored was described as Aydin et al. [21]. The decrease
of absorbance due to the oxidation of NADPH was measured on a
spectrophotometer at 340 nm for 2 min. One unit was defined as
1 mmol of GSH oxidized/min.

The reduced glutathione (GSH) content was determined by
the method of Ellman with minor modifications [22]. 0.25ml
of P. chrysosporium extracts were mixed with 0.5 ml of Tris—-HCI
buffer solution (0.25 M, pH 8.0), and then added 0.25 ml methanal
(3%) for 20min. Then the mixture was allowed to react with
3 ml 5,5-dithiobis-2-nitrobenzoic acid (DTNB) (1 mM). The solution
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was then kept at room temperature for 5min and the extinc-
tion was read at 412nm. Total phenolics were determined by
Folin-Ciocalteau method according to the previous literature [23],
using gallic acid as a standard. Flavonoids content was estimated
according to a literature procedure [24].

In addition, antioxidants under Cd exposure have also been
investigated, in order to determine the antioxidant response of
P. chrysosporium to heavy metal exposure. 0.5 g wet biomass of P.
chrysosporium was added to 100 ml Cd-containing ultrapure water
(50 mg/l), vibrated at 30 °C for 24 h. Thereafter, the biomass was col-
lected and homogenized after addition of 5 ml PB solution (50 mM,
pH 7.0), filtered for antioxidants analysis as stated above.

2.6. Statistical analysis

The analysis of experimental samples was made three repli-
cations, and results were expressed as the mean value with the
standard deviation. Correlation and regression analyses of ROS
scavenging activity (Y) versus the antioxidant enzymes and com-
ponents (X) were carried out using the regression program in SPSS
software (SPSS 18.0, Germany). Differences at p <0.05 were consid-
ered to be significant.

3. Results and discussion

3.1. Total antioxidant activity and radical scavenging activity
analysis

The total antioxidant activities of P. chrysosporium extracts were
evaluated by ABTS** radical. The decreases in absorbance of ABTS**
versus time (AA/min) at the presence of various concentrations
of P. chrysosporium extracts are shown in Fig. 1A. Consequently,
the P. chrysosporium extracts showed increasing progressively
total antioxidant activity with increasing P. chrysosporium con-
centrations. Specifically, the TAA was considered to determine
the dose/response curve at concentrations of 10-100 mg/ml P.
chrysosporium extracts. A linear dose response was found for PWE
(R2=0.9870), and a similar linear dose-response was also found for
PPE (R% =0.9629), given that the P. chrysosporium extracts exhibited
a dose-dependent TAA at all of the tested concentrations.

Radical scavenging activity (RSA) is an important mechanism
involving in antioxidant activities [ 19]. Reactive oxygen RSA results
are given in Fig. 1B. Exceptionally high H,0, decomposition activ-
ity, over 95%, was observed in PPE system, over a concentration
range of 10-100 mg/ml. The extract at 10 mg/ml PPE and PWE could
decompose almost 95.27% and 77.66% of the H,0,, whereas the
100 mg/ml extracts decomposed over 97.28% and 88.38%, respec-
tively. This difference reflected the small increase in the H,0,
decomposition ability, even the considerably large rise in level and
activity of several antioxidant components. These results suggested
that P. chrysosporium could decompose H, 0, efficiently and further
prevent H,0,-induced cell damage. Simultaneously, *OH scaveng-
ing activities were found to be significant different between PPE
and PWE, with relatively higher *OH scavenging activities (beyond
80%)in PPE. Instead, the P. chrysosporium extracts exhibited relative
lower O,*~RSA of the two kind of extracts. Indeed, those two types
of 0,°~and *OH radical scavenging activity differed greatly in PPE
and PWE, probably in terms of the variability of soluble antioxidant
concentrations.

3.2. Antioxidant enzymes and low-molecular-weight
antioxidants analysis

In our study, significant variability in the antioxidant enzymes
of PPE and PWE was observed, and the levels of enzymes in the PPE
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Fig. 1. Antioxidant activity analysis of the P. chrysosporium: (A) total antioxidant
activity of P. chrysosporium PB solution extracts (PPE) and P. chrysosporium water
extracts (PWE); (B) three kinds of reactive oxygen radical scavenging activity of PPE
and PWE.

system were higher than in the PWE system (Fig. 2). High produc-
tion levels of CAT activity were observed, then followed by SOD, and
moderate GSH-Px levels were found in P. chrysosporium extracts. A
significant link between antioxidant molecules and P. chrysospo-
rium biomass content was suggested (Fig. 2A, R2>0.75), which
indicated the stable secretion of antioxidants in P. chrysosporium.
The dose/activity curve and the increase of antioxidant enzyme
activity with increasing P. chrysosporium extracts are likely to
depend on a defense mechanism leading to a great yield of antiox-
idant enzymes by P. chrysosporium fungi, accounting for apparent
inherent ROS scavenging activity contained in the tested samples.

Although the enzymatic antioxidants are considered the most
efficient and specific regulators in the antioxidant system, several
other low-molecular-weight antioxidant compounds also exist.
The antioxidants were distinguished from the two extracts (Fig. 2B).
Higher amounts of flavonoids and total phenolic were observed in
PPE than that in PWE. The amounts of total phenolics in PPE ranged
from 0.24 to 0.94 wmol, while PWE presented at lower concentra-
tions at the scope of 0.18-0.54 wmol. At all the tested extracts,
significant relationships have been found between antioxidant
contents and P. chrysosporium extract dosage, indicating the stabil-
ity existence of antioxidants. The contents of the GSH, flavonoids
and total phenolic of PPE was 1.4, 0.8 and 1.6 wmol/g. Differences in
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Fig. 2. Antioxidants analysis of the P. chrysosporium extracts. (A) Antioxidantenzymes in P. chrysosporium PB solution extracts (PPE) and P. chrysosporium water extracts

(PWE); (B) low-molecular-weight antioxidant compounds in PPE and PWE.

the yields of the extracts might be attributed to the solubility and
availability of various extractable components in P. chrysosporium
extracts.

Indeed, considerable efforts have been expended in screening
various natural sources as antioxidant components. Potential
sources of antioxidant compounds have been searched in several
types of organisms and the protective biochemical function of nat-
urally occurring antioxidants in biological systems. For example,
Oke and Aslim [25] characterized the individual profiles of phenolic
compounds and evaluated the antioxidant activity of the Pleu-
rotus eryngii and Auricularia auricula-judae extracts against H,O,
induced cell damage. Likewise, biological potentials of various
natural sources as antioxidant components, such as glutathione,
flavonoids and phenolics, are widely evaluated [26-28]. A compar-
ison of low-molecular-weight antioxidant components between
P. chrysosporium and some of the other studied biomaterials has
been made in Table 1 [7,29-36]. It was obviously that scarcely
study has focused on the inherent production of those antioxi-
dants in environmental microbiology as a integrated antioxidant
system. By comparison with the existing studies, it is apparent

Table 1
A comparison of low-molecular-weight antioxidant compounds of P. chrysosporium
extracts and some studied biomaterials.

Antioxidants Biomaterials Content References
GSH Scots pine seedlings ~0.43 pmol/g [29]
poplars ~0.4 pmol/g [30]
Sedum alfredii ~0.1 pmol/g [31]
Ceratophyllum demersum ~0.85 wmol/g [32]
P. chrysosporium 1.4 wmol/g This study
Flavonoids Phaseolus vulgaris L ~28 uglg [33]
Brassica campretis L. ~10 ng/g [33]
P. chrysosporium 488.8 nglg This study
Total phenolics Solin seed 4.73 mglg [11]
Pisum savitum 0.4mg/g [34]
Triticum aestivum 0.2mg/g [34]
Non-mycorrhizal pine ~2.6 mg/g [35]
Fistulina hepatica 0.37 mg/g [36]
P. chrysosporium 0.27 mg/g This study
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Fig. 3. Enzymes-activity relationship (EAR) analysis. (A) The relationship between the total antioxidant activity and antioxidant enzymes. (B-D) The relationship between

three kinds of reactive oxygen radical scavenging activity and antioxidant enzymes.

that P. chrysosporium show a multiple and high yield production
of low-molecular-weight antioxidant components, donating to the
remarkable total antioxidant activity and ROS scavenging activity.

3.3. Enzyme-activity relationship analysis

Positive associations between TAA and those enzymes were
determined by enzyme-activity relationship (EAR) analysis
(Fig. 3A), indicating that the higher level of TAA could be caused
by coaction with those internal antioxidant enzymes. Linear regres-
sion analysis showed that O,*~scavenging activity was significantly
related to SOD activity, with the highest correlation coefficient
(Fig. 3B, R2=0.7990), then followed by CAT activity (Fig. 3B,
R2=0.7348). Accordingly, SOD, a class of metalloproteins, is the
dominant biological agents for O,°*~decomposition, with a super-
oxide decomposition rate constant of 1.3 x 109 M~1s~1 [1]. These
initial observations confirmed that the O,°*~scavenging activity is
associated with the presence of SOD in P. chrysosporium.

Hydroxyl radicals are major active oxygen species causing lipid
peroxidation and enormous biological damage. Hydroxyl radical
scavenging capacity of P. chrysosporium extract is directly related
to its antioxidant activity. A significant inter-individual variation
in the correlation of *OH scavenging activity between three tested
enzymes has been obtained. High linear correlation is observed
between *OH scavenging activity and GSH-Px (Fig. 3C, RZ =0.8806).
The admirable activity of GSH-Px would, in any case, assure good
protection against *OH.

H,0, decomposition showed the highest correlation with
GSH-Px (Fig. 3D, R2=0.8761), while CAT showed the moderate
correlation (Fig. 3D, R2 =0.6579), which were consistent with the
previous conclusion that H,0, decomposition was catalyzed by
CAT and GSH-Px. GSH-Px are capable of participating in cellular
antioxidant defense via enzymatic reduction of reactive cellular
hydroperoxides. Such a reaction is probable due to the relatively
high reactivity of GSH-Px using GSH as substrate (Eq. (1)). The
thiol group of cysteine on GSH first donated a reducing equivalent
(H* +e7) to reactive oxygen species, initiating the decomposition
reaction. And then the formed reactive glutathione radicals readily
reacted with another glutathione molecular with the generation of
glutathione disulfide (GSSG), by the catalysis of GSH-Px [37]. On
the basis of our research, we conclude that high levels of CAT and
GSH-Px bring about a higher rate of H,0, decomposition at all the
tested concentrations, suggesting that those antioxidant enzymes
acted as efficient antioxidants in protecting cells from oxidative
damage.

2H,0, + GSH M *GssG + 2H,0 (1)

3.4. Compounds-activity relationship analysis

Compounds-activity relationship (CAR) between antioxidant
activities and each of the three kind of principal low-molecular-
weight antioxidant compounds can be seen from the loading plot
(Fig.4). Apositive and highly significant (p < 0.001) relationship was
observed from GSH (R? =0.6845), total phenolic (R? =0.6998) and
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flavonoids (R? = 0.8628), suggested for the antioxidant properties of
the tested components. Apparently, total phenolic was positively
correlated to TAA (Fig. 4A, R =0.8628) and also to O,°~RSA (Fig. 4B,
R?=0.8649).

Likewise, high positive correlations have been found among

OH

HOo

e+H"

Flavanoids

flavonoids and three kind of radical scavenging activity (Fig. 4B-D,
R?>0.65), due to the catabolism ability of flavonoids to scavenging
reactive oxygenradicals. Reactive oxygenradical scavenging capac-
ity of flavonoids is primarily ascribed to configuration of hydroxyl
on B-ring, which stabilize the free radicals by donating hydrogen
and/or electron to hydroxyl and/or peroxyl radicals [38]. During
the antioxidant process, flavonoids donate an electron to the exo-
teric radical, resulting in the formation of a semi-quinone, and
then donate a further electron to form the stable quinone (Eq. (2))
[39]. Consequently, the reactive oxygen scavenging activity high
relative to low-molecular-weight compounds was the best predic-
tor of the important role of the tested compounds and appeared
to strongly confirming the scavenging mechanism of antioxi-
dant system. No correlation was found between GSH and *OH
decomposition (Fig. 4C and D). It was mainly because the compli-
cated GSH metabolism process and nonselective electron donating

capabilities of GSH. GSH is one of the best known non-enzymatic
defense components in the detoxification of a variety of peroxi-
des. However, the interrelations between GSH and ROS scavenging
activity in P. chrysosporium are complex, directly participating in
the neutralization of free radicals and reactive oxygen species, such
as *OH, R*, DNA*, DNAOO*, LOOH and H,0; [37].

OH O

O—>§ o —— Potential
\' dimers

Semi-quinone ¢+H"  quinone )

3.5. Antioxidant mechanism analysis and mutual collaboration of
antioxidants

Indeed, to protect against the noxious effects of ROS, microor-
ganisms will develop different kinds of defensive or reparative
mechanisms to eliminate the excrescent ROS intracellularly and
also extracellularly [40]. According to Cadenas [41], three types
of molecular mechanisms underlying antioxidant activities may
be distinguished: (i) a process encompassed by a redox transi-
tion yielding the ‘reactive’ antioxidant-derived radical. (ii) A similar
process in which transfer of the radical character with formation
of a ‘stable’ or ‘inert’ antioxidant-derived radical. (iii) A enzyme-
mimetic activity with antioxidant enzymes scavenging of reactive
oxygen species, such as superoxide dismutase and glutathione
peroxidase [42]. Therefore, an antioxidant-mimetic activity with
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Table 2
Pearson correlation coefficients among total antioxidant activity (TAA), radical scavenging activity (RSA) and antioxidants.
TAA 0,°"RSA *OH RSA H,0, RSA SOD GSH-Px CAT Phenolic GSH Flavonoid

TAA 1

0,°"RSA 0.931" 1

*OH RSA 0.774 0.881° 1

H,0, RSA 0.991" 0.956 0.773 1

SOD 0.927" 0.994 0.896 0.943 1

GSH-Px 0915 0917 0.632 0.953" 0.884 1

CAT 0.784 0.836 0.548 0.820° 0.847 0.859 1

Phenolic 0.940" 0.923 0.677 0.951 0.928" 0.939 0.943 1

GSH 0.929 0919 0.672 0.942" 0926 0.930" 0.957" 0.999 1

Flavonoid 0.866 0.888" 0.645 0.882 0.906 0.879 0.982" 0.980° 0.987" 1

" Correlation is significant at the 0.05 level (two-tailed).
™ Correlation is significant at the 0.01 level (two-tailed).

antioxidants scavenging of ROS might be a molecular mecha-
nism underlying antioxidant activities. Studies on involvement of
ROS scavenging activity in interaction between TAA elucidate that
0,°"RSA, *OH RSA and H,0, decomposition ability were involved
in antioxidant activity in with acceptable correlation coefficients
(Fig.5). The most significant relationship between TAA and 0,°~RSA
(Fig. 5, R2=0.8835) was then obtained, followed by H,0, decom-
position ability (Fig. 5, R =0.6217). SOD is the dominant biological
agents for O,°~decomposition, therefore the TAA was found to be
significantly related to the SOD activity with the highest corre-
lation coefficient. Indeed, H,O, decomposition is catalyzed by a
variety of enzymes, such as CAT and GSH-Px, and even related to
some non-enzymatic components, such as flavonoids and phen-
olics. As a result, high correlation coefficients have also been
found between TAA and CAT, flavonoids, phenolic, followed as SOD
(Figs. 3 and 4). While *OH showed the lowest correlation to TAA
(Fig. 5, R2=0.5464), due to the formation of *OH in the presence
of reduced transition metals via the Fenton reaction during H,0,
decomposition process, leading to the strongest ROS and triggers
extensive cellular damage to cells [43]. The ordination diagram
obtained by the Pearson analysis shown in Table 2 clearly per-
formed that the total antioxidant activity are quite related with the
three kind of oxygen radical scavenging activities (Table 2). Actu-
ally, the high dispersion of three kind of correlation coefficient can
be related to the intrinsic variability of the extract composition, the
variability of the physiological composition and specialty of the test
microorganisms, determining their scavenging activity to ROS and
antioxidant activity.

Contemporary, by simple analysis of concentrations of antiox-
idants and activities of defense enzymes in P. chrysosporium, it
will not be possible to understand the regulation in the network
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Fig. 5. The relationship between the total antioxidant activity and reactive oxygen
(O2°*~, *OH and H;0>) radical scavenging activity (RSA).

of interacting antioxidant reactions. Tests performed with P.
chrysosporium extracts via Pearson analysis was therefore con-
sidered to understand if the observed antioxidant activities are
related to the reactive oxygen scavenging activity or to the reac-
tions occurred between some components of the P. chrysosporium
extracts (Table 2). As expected, due to the reasons outlined above,
significant correlations between ROS scavenging activities and the
tested antioxidants were obviously observed. Antioxidants, which
act as the first-line defense against ROS intracellularly and also
extracellularly, avoid or delay oxidation by scavenging free radicals,
inactivating peroxides and other ROS, quenching singlet oxygen
and chelating proxidant metal ions [6]. In our study, the main
antioxidant activity mechanisms can be ascribed to scavenging
of superoxide anions, peroxyl, or synthetic radicals by antioxi-
dant enzymes, such as CAT, SOD and GSH-Px, or stabilize the free
radicals by donating hydrogen and/or electron to hydroxyl and/or
peroxyl radicals by phenolics and flavonoids. Actually, H,O, RSA
showed significant correlations with SOD, CAT, GSH and phen-
olics. Therefore high P. chrysosporium extracts with high levels
of antioxidants showed favorable total antioxidant activity and
ROS scavenging activities. While *OH RSA showed the most sig-
nificant correlation with phenolics. The antioxidant mechanism
of phenolic might probably be via the formation of a relatively
stable phenoxyl radical by reaction of a phenolic antioxidant
with a free radical [33]. Then the formed phenoxyl radical is
further stabilized by delocalization of unpaired electrons around
the aromatic ring. The whole antioxidant process was shown in
Scheme 1. The combined results showed that antioxidants pre-
sented different antioxidant responses, which indicates that the
antioxidant system may be associated with a portion of compo-
nents with a more specific chemical structure, such as CAT and
flavonoids.

In addition, certain antioxidants are able to regenerate or affect
other antioxidants and thus restore their original function, which
is so-called as an “antioxidant network”. However, too little is
known about the interactions and in situ concentrations of the
antioxidant systems to include these factors at present into the
model assumptions. Interestingly, strong correlations were also
observed between those tested antioxidants, which confirmed that

HOOC HOOC HOOC

= 7 P

o +
+ ABTS °* <

. ABTS ** ABTS %'
0

OH ABTS o)
Monohydroxyl Phenoxyl Phenolate
compound radical

Scheme 1. Possible mechanism of action of phenolic compounds.
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Fig. 6. Antioxidant defense mechanism and mutual collaboration of antioxidants as antioxidant network.

antioxidants acted as “antioxidant network” in P. chrysosporium.
The mutual collaboration of antioxidants as “antioxidant network”
is shown in Fig. 6. As examples, SOD activity showed a signifi-
cant positive correlation with CAT and GSH-Px activities, mainly
due to their interactional roles in ROS scavenging activity. In fact,
the overall reaction of O,°*~decomposition is usually a second-
order process via the participation of numerous enzymes. The
first step is dismutation of O,°*~ to H,0, and oxygen which was
controlled by SOD (Egs. (3) and (4)), one superoxide molecule
transfers an electron to another superoxide molecule with the gen-
eration of H,0,, and then CAT and/or GSH-Px catalyzed H,0, to
H,0 (Eq. (5)) [40]. Thus the O,*~RSA activity presented a signif-
icant positive correlation with the SOD activity, however, it also
presented a positive correlation with GSH-Px, CAT and pheno-
lic levels, based the fact that SOD enzymes work in conjunction
with H,0,-removing enzymes, such as CAT and GSH-Px. Likewise,
the scavenging activity of GSH also accompanied with. GSH could
scavenge H,0, and detoxify *OH by the catalytic action of GSH-
Px, confirming by the significant correlation between GSH and
GSH-Px.

Q—o +0; +2H —>( +N=0 +H,0,
(3)
Q—O*—O[ Q—O + O,
(4)
2H,05 — 2H,0 + 0, (5)

3.6. Antioxidant response of P. chrysosporium under Cd exposure

Heavy metals are well known to be toxic to most organisms
when present in excessive concentrations. It has been found that
Cd is a common consequence of most heavy metals and can result
in an oxidative stress by inducing a pro-oxidant state in biological
systems. Cd can react with polythiol groups on cellular macro-
molecules and substitute for zinc in Zn-containing enzymes, e.g.,
carboxypeptidases and metallothioneins, causing oxidative stress
indirectly [44]. A tightly controlled metal homeostasis network to
adjust to fluctuations in heavy metals is therefore a necessity for
all organisms, to maintain the overall redox/oxidative balance. In
order to investigate the antioxidant response of P. chrysosporium
under heavy metal exposure, P. chrysosporium under the exposure
of 50mg/l Cd for 24h was further studied. As shown in Fig. 7,
antioxidant enzymes (GSH-Px, SOD and CAT), which are involved
in ROS remission, generally increased in contents in the presence

of Cd compared with controls regardless of the Cd. Commonly,
superoxide anion (O,*~), is considered the primary ROS, and can
further interact with other molecules to generate secondary ROS,
such as H,0, and *OH. Although there are no known direct sca-
vengers of singlet oxygen (O, ) or the hydroxyl radical (*OH), SOD
is believed to function in their elimination by biochemical reac-
tion. In P. chrysosporium, treatment with Cd resulted in 2.78-fold
of stimulation of SOD activities (Fig. 7, p<0.05), most probably
in consequence of the direct participation of SOD in enzymati-
cally converting O,°~ to O,. Similarly, Cd exposure also stimulated
the biosynthesis of low-molecular-weight antioxidants intracellu-
larly (Fig. 7, p<0.05). GSH and total phenolics were most sensitive
to the Cd exposure, a 1.81-fold and 2.35-fold of stimulation has
been found in GSH and total phenolics, respectively. The result
is consistent with the previous conclusions that Cd-exposure fre-
quently contributes to the high levels of GSH [29,30,45]. GSH
is the most abundant cellular SH in most living organisms and
involved in alleviating metal stress as a first, rapidly-responsive,
thiol-based line of defense against Cd exposure [31]. In this case,
a prompt induction of antioxidant response, via up-regulation of
ROS scavenging enzymes and a network of low-molecular-weight
antioxidants, is critical to control the steady-state levels of ROS
maintaining redox/oxidative balance. Actually, antioxidant defense
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system, which is controlled by the antioxidants of the microbiol-
ogy, could enhance the viability of cells challenged by a subsequent
oxidative stress. The paper proposes a new validation procedure
to specifically validate the admirable tolerance of P. chrysosporium
in environmental treatment application related to its antioxidant
processes.

4. Conclusions

On the basis of these results obtained in the present study,
it is concluded that P. chrysosporium extract showed remarkable
antioxidant activity and admirable in vitro free radical scavenging
capacity, containing abundant antioxidants. Significantly positive
correlations between antioxidant activity and antioxidants were
found by EAR and CAR analysis. Furthermore, stimulation of antiox-
idants in P. chrysosporium extracts under Cd exposure was found,
which provided a novel dimension to the involvement of antiox-
idants in the antioxidant defense system of P. chrysosporium. A
2.78-fold and 2.35-fold of increase has been found in SOD and total
phenolics, respectively. To summarize, such data are important
in elucidating the roles of these antioxidants in the physiological
mechanisms of antioxidant activity, which provides a depth of new
insight into the defense mechanisms of P. chrysosporium adapting
to reactive oxygen stress.
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