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Ha constituents and functional groups, including phenolic 
compounds, which have antioxidant properties.
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Abbreviations
CaT  Catalase
CDnB  1-Chloro-2,4-dinitrobenzene
Cl−  Chloride
DO  Dissolved oxygen
gae  gallic acid equivalents
gPx  glutathione peroxidase
gSH  l-glutathione reduced
gST  glutathione-S-transferase
H2O2  Hydrogen peroxide
Ha  Humic acid
HIF-1α  Hypoxia inducible factor 1-alpha
HS  Humic substances
K+  Potassium
lOOH  lipid hydroperoxides
lPO  lipid peroxidation
MCHC  Mean cell hemoglobin concentration
na+  Sodium
PMSF  Phenylmethylsulfonyl fluoride
rOS  reactive oxygen species
SOD  Superoxide dismutase
TBarS  Thiobarbituric acid reactive substances
TCa  Trichloroacetic acid

Introduction

Humic substances (HS), which are organic compounds 
derived from biomass during decomposition, constitute the 

Abstract aquatic animals are naturally exposed simul-
taneously to environments with different concentrations of 
humic acid (Ha) and seasonal or daily variations of dis-
solved oxygen (DO) levels. This study investigated the 
effects of simultaneous exposure to different Ha and DO 
levels on plasma ion levels and some hematological and oxi-
dative parameters in different tissues of silver catfish (Rham-
dia quelen). The fish were exposed to 0, 2.5 or 5 mg l−1 
Ha for 120 h. after this period, each group was divided into 
two groups: normoxia and hypoxia. exposure to the differ-
ent DO levels lasted 96 h, totaling 216 h of experimentation. 
at the end of the experimental period, blood sampling was 
performed, and the fish were euthanized prior to the exci-
sion of the gills and the brain to evaluate hematological and 
oxidative parameters. To verify the antioxidant capacity 
of Ha, total phenolic compounds were measured. In gen-
eral, all tissues of silver catfish exposed simultaneously to 
hypoxia and different Ha concentrations showed a reduc-
tion in lipid peroxidation levels, as well as a modulation of 
the antioxidant system. These effects occurred in an Ha 
concentration-dependent manner. Thus, Ha is beneficial to 
silver catfish exposed to hypoxia. These beneficial effects 
can be attributed, most likely, to the action of the different 
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largest fraction of dissolved organic carbon found in all 
aquatic ecosystems (Thurman 1985; Matsuo et al. 2005). 
HS can be separated into humic acids (Ha), fulvic acids 
and humin (McDonald et al. 2004). Ha are compounds of 
variable molecular weight and consist of polymeric struc-
tures with many functional groups; carboxylic and phenolic 
groups are found in greater quantities, whereas ketones, 
amines and alkoxyl groups make smaller contributions 
(Cheng et al. 1999; Fiorentino et al. 2006; aeschbacher 
et al. 2012; Uyguner-Demirel et al. 2013).

The effects of HS on aquatic organisms have been 
extensively discussed (Steinberg et al. 2003; Meinelt et al. 
2008). Studies in zebrafish (Danio rerio) embryos indicate 
that HS can exert positive or negative effects depending on 
their concentration, their source of origin and the physi-
ological condition of the animal. Other studies indicate that 
HS can modulate the toxicity of pollutants, xenobiotics and 
the bioavailability of metals (richards et al. 1999; Paquin 
et al. 2002; glover and Wood 2004; Timofeyev et al. 2006; 
giacomin et al. 2013) and can alter pH, ionic concentration 
(McDonald et al. 2004) and enzymatic activity (Timofeyev 
et al. 2006). Due to these effects and its unusual compo-
sition, it is believed that humic acids may act on reactive 
oxygen species (rOS) and reduce their harmful effects dur-
ing or following hypoxic episodes in fish.

a decline in the photosynthetic rates and the decomposi-
tion of organic matter can change dissolved oxygen (DO) 
levels, which is a limiting factor for fish and other aquatic 
organisms. In freshwater plants and cyanobacteria, HS act 
on the electron transport chain, decreasing photosynthetic 
rates and, consequently, reducing the release of oxygen into 
the aquatic environment (Pflugmacher et al. 2006; Stein-
berg et al. 2008). Hypoxia is characterized by DO levels 
below 2.8 mg l−1 (Diaz and rosenberg 1995). Hypoxia 
can also be caused by anthropogenic factors, such as the 
addition of nutrients and pollutants (Sampaio et al. 2008), 
or by natural factors, such as high temperatures and verti-
cal stratification (Wu 2002). Some floodplain lakes are nor-
mally subjected to temporary hypoxia, mainly in the ama-
zon region (affonso et al. 2002). In the amazon basin, DO 
levels decline for entire seasons, when stagnant water and 
decaying organic matter combine (Bickler and Buck 2007). 
These situations create adverse conditions for aquatic 
organisms that can alter their physiology (Wu 2002; Wil-
helm Filho et al. 2005).

Variations in DO levels are directly related to rOS pro-
duction in fish, mainly during reoxygenation (lushchak 
et al. 2001; lutz and nilsson 2004). These rOS are gen-
erated in the mitochondria of all aerobic cells by normal 
breathing and are toxic to cells at high levels, leading to the 
oxidation of lipids, proteins and Dna, as well as mutagen-
esis and cell death (Martínez-alvarez et al. 2005). at low 
levels, these rOS perform important physiological roles; 

for example, they can activate and modulate signaling path-
ways and activate transcription factors that are sensitive 
to oxidation–reduction reactions, such as the activation of 
hypoxia inducible factor 1 alpha (HIF-1α) (Semenza 2007; 
Terova et al. 2008). HIF-1α is a heterodimeric transcrip-
tion factor responsible for numerous important physiologi-
cal functions in fish (Wang et al. 1995; Terova et al. 2008), 
such as gene activation of erythropoietin and glycolytic 
enzymes (Paul et al. 2004). To regulate rOS concentration 
in tissues and to combat their deleterious effects, aerobic 
organisms have developed an antioxidant defense system 
consisting of enzymatic and non-enzymatic mechanisms. 
These antioxidant components are located in different cel-
lular compartments and are used to evaluate the antioxidant 
status in fish as biomarkers for different aquatic environ-
mental conditions (lushchak et al. 2001; lushchak and 
Bagnyukova 2006).

Silver catfish (Rhamdia quelen) is a freshwater species 
with a neotropical distribution. They are native in places 
from southeastern Mexico to southern argentina (gomes 
et al. 2000). The lethal concentration of DO levels for this 
species is 0.52 mg l−1 (Braun et al. 2006), which makes it 
an excellent model for studying DO level variations. Under 
hypoxic conditions, oxidative and osmoregulatory altera-
tions have been verified in this species (rosso et al. 2006; 
azambuja et al. 2011).

Due to the distribution and peculiarities of silver catfish 
and its adaptive potential, marketability and wide distri-
bution, the need to know its physiological mechanisms of 
adaptation to different conditions in its habitat is growing. 
Furthermore, aquatic animals are naturally exposed to envi-
ronments with different concentrations of Ha and seasonal 
or daily variations of DO levels simultaneously, but there 
are no studies that estimate the impact of Ha and DO lev-
els on biochemical and physiological parameters in fish. 
Therefore, the present study aimed to evaluate the effects of 
both factors on plasma ion levels and specific hematologi-
cal and oxidative parameters in different tissues of silver 
catfish. The hypothesis of this work is that Ha is beneficial 
to fish exposed to hypoxia.

Materials and methods

reagents

Ha (CaT: H1, 675-2 aldrich), which corresponds to 44 % 
dissolved organic carbon (Matsuo et al. 2005) as well as 
phenylmethylsulfonyl fluoride (PMSF), 1-chloro-2,4-di-
nitrobenzene (CDnB), l-glutathione reduced (gSH), epi-
nephrine and glycine were acquired from Sigma aldrich 
(USa). Hydrogen peroxide (H2O2), trichloroacetic acid 
(TCa), thiobarbituric acid and albumin were obtained from 
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Merck Kgaa (germany). all other reagents were of ana-
lytical grade.

Determination of total phenolic compounds

The determination of phenolic compounds in Ha is an 
indirect measure of the antioxidant capacity of these com-
pounds (Singleton et al. 1999). The determination of phe-
nolic compounds was performed on Ha extracts. Chemical 
extractions were performed using the method described by 
Pérez-Jiménez and Saura-Calixto (2005). Total phenolic 
compounds were determined according to the Folin–Cio-
calteu procedure (Singleton et al. 1999). gallic acid was 
used as a standard, and the results are expressed as gallic 
acid equivalents (mg gae) g per humic acid. The reaction 
was conducted in triplicate.

experimental protocol

The fish (143.90 ± 11.7 g, 25.1 ± 0.6 cm) were acclimated 
to laboratory conditions for 21 days in 250 l tanks under 
controlled temperature (23 ± 1 °C) and constant aeration 
(6.5 ± 0.2 mg l−1 DO). The fish were then divided into 
three groups and exposed to different concentrations of 
Ha (0, 2.5 and 5 mg l−1) for 216 h (9 days). at 120 h, 
each group was further divided into two groups, normoxia 
(6.7 ± 0.1 mg l−1 DO) and hypoxia (2.0 ± 0.2 mg l−1 
DO), with three replicates each (n = 8). The group exposed 
to 0 mg l−1 Ha and normoxia was considered to be the 
control. Decreased aeration and fish oxygen consumption 
caused a reduction in the levels of oxygen, and hypoxic 
levels were reached in 6 h. The Ha concentrations 2.5 and 
5 mg l−1 were chosen because they are commonly found 
in natural environments (Mcgeer et al. 2002; Steinberg 
2003). The experiment was performed in 250 l tanks.

DO levels were controlled by increasing or decreasing 
the aeration. Feeding was performed daily with commer-
cial feed, ceasing at 96 h. Siphoning and water exchange 
were also performed daily, followed by verification of the 
DO levels. To avoid DO fluctuation, water was partially 
exchanged with the volume of exchanged water reaching 
up to 40 %. no significant variations in DO levels occurred 
with water exchange.

Water parameters

DO levels and temperature were measured with a YSI oxy-
gen meter (Model Y5512; YSI Inc., Yellow Springs, OH, 
USa). The pH was verified with a DMPH-2 pH meter 
(Digimed, São Paulo, SP, Brazil). nesslerization was used 
to verify the total ammonia nitrogen levels according to 
the method of eaton et al. (2005). Un-ionized ammonia 
levels were calculated according to the method of Colt 

(2002). Water hardness was analyzed by the eDTa titri-
metric method. alkalinity was determined according to the 
method of Boyd and Tucker (1992).

Tissue collection

at the end of the experimental period, the fish were sub-
mitted to blood sampling via caudal puncture. The fish 
were then euthanized by sectioning the spinal cord, and 
the gills and brain were dissected out and quickly fro-
zen in liquid nitrogen. The tissues were then stocked in a 
freezer at −70 °C until the determination of the oxidative 
parameters.

a blood sample was isolated for the measurement of the 
hematocrit and hemoglobin concentrations. The remain-
der was centrifuged in heparinized vials at 1,110×g for 
5 min, and plasma was separated for the determination of 
plasma ion levels, thiobarbituric acid reactive substances 
(TBarS) and lipid hydroperoxides (lOOH). The fraction 
containing the red cells was again separated into two ali-
quots: one for enzymatic dosages, to which 4 mM mag-
nesium sulfate and 1 mM acetic acid were added, and the 
other for the determination of non-protein thiols, to which 
20 % TCa was added. Both aliquots were centrifuged at 
1,110×g for 5 min, and the supernatant was separated and 
then frozen.

The gills and brain were homogenized in a medium con-
taining 120 mM potassium chloride and 30 mM phosphate 
buffer (pH 7.4) with 1 mM PMSF. The samples were cen-
trifuged at 1,110×g in a refrigerated centrifuge for 20 min, 
and the supernatants were separated for the analyses of oxi-
dative parameters (riffel et al. 2011).

Hematological parameters

The determination of the hematocrit was performed by 
the microhematocrit method (goldenfarb et al. 1971). The 
percentage of packed red cells was obtained by means of a 
hematocrit card reader. The hemoglobin concentration was 
determined using the Drabkin reagent (Kamper and Zijlstra 
1964) and expressed as gram per deciliter blood. The mean 
cell hemoglobin concentration (MCHC) was calculated 
using the equation [Hb] × 100/Hct and expressed as gram 
per deciliter.

Plasma ion levels

The concentrations of sodium (na+) and potassium (K+) 
were determined using the Micronal B262 flame spectro-
photometer (Micronal, São Paulo, Brazil). Chloride (Cl−) 
concentrations were measured according to the method 
of Zall (1956) and read in a TP reader Thermo Plate plate 
reader (Thermo Plate Devices, China) at 480 nm. Standard 
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solutions were made in distilled water, and five concentra-
tions of the standard solutions were used. The results are 
expressed in millimole per liter.

Prooxidants assay

lipid peroxidation (lPO) was monitored through two 
methods: determination of TBarS and of lOOH. The 
measurement of the latter was performed with a modified 
version of the method described by Jiang et al. (1991). This 
technique can detect the primary products of peroxidation, 
using Fe2+ oxidation by lOOH in an acid medium contain-
ing xylenol orange dye, which forms a complex with Fe3+. 
The results were read at 560 nm and reported as nanomole 
per milligram protein. In turn, TBarS was determined 
according to the method of Wills (1987) by measuring the 
end products of lPO, including malondialdehyde, deter-
mined at 535 nm. The results were reported as nanomole 
per milligram protein.

Protein assay

Tissue proteins were quantified based on the method of 
lowry et al. (1951) using bovine serum albumin as the 
standard. The readings were performed using a spectropho-
tometer Biospectro SP220 (São Paulo, Brazil) at 625 nm.

antioxidant defenses assay

Catalase (CaT) activity was evaluated by measuring the 
decrease in H2O2 absorption at 240 nm, as outlined by Bov-
eris and Chance (1973). The results are reported as pico-
moles per milligram protein.

Total superoxide dismutase (SOD) activity was deter-
mined as the inhibition rate of autocatalytic adrenochrome 
generation at 480 nm. The enzymatic activity is expressed 
as SOD units milligram per protein. One SOD unit was 
defined as the amount of enzyme needed for 50 % inhibi-
tion of adrenochrome formation, as described by Misra and 
Fridovich (1972).

glutathione peroxidase (gPx) activity was measured by 
monitoring naDPH oxidation at 340 nm. gPx activity is 
reported as micromoles per minute per milligram protein 
(Flohé and gunzler 1984).

glutathione-S-transferase (gST) activity toward CDnB 
was determined spectrophotometrically at 340 nm accord-
ing to the method of Habig et al. (1974). One unit of gST 
activity was defined as the amount of enzyme that catalyzes 
the conjugation of 1 pmol of CDnB with gSH per minute 
at 25 °C. The enzymatic activity is expressed as picomoles 
per minute per milligram protein.

non-protein thiols were also measured in red blood 
cells. These groups are non-enzymatic antioxidants and 

represent an indirect measure of gSH. The method is based 
on the reaction of gSH with 5,5′-dithio-bis-2-nitrobenzoic 
acid. The samples were read spectrophotometrically at 
412 nm (ellman 1959). The content of non-protein thiols is 
expressed as micromoles per milligram protein.

Statistical analysis

The statistical analysis was performed using the software 
SPSS Statistics® 18. The Cochran and the Bartlett tests 
were used to verify whether the data were parametric, and 
two-way anOVa was used to assess the effects of two fac-
tors (oxygen level and humic acid concentration). The total 
sum of squares of humic acid was partitioned into a linear 
or a quadratic component. Post hoc analysis was carried 
out using the t-Bonferroni test. The results are expressed as 
the mean ± S.e.M. The minimum significance level was 
set at 95 % (p < 0.05).

Results

Total phenolic compounds

There were 160.7 ± 4.5 mg gae g Ha−1 of total phenolic 
compounds.

Water parameters

The water parameters remained stable throughout the 
experimental period. The pH was maintained at 7.1 ± 0.04 
and the water temperature at 21.3 ± 0.3 °C. Hardness 
(20.9 ± 1.6 mg l−1 CaCO3), alkalinity (24.1 ± 1.9 mg l−1 
CaCO3), nitrite (0.87 ± 0.1 mg l−1), total ammo-
nia (2.9 ± 0.3 mg l−1) and non-ionized ammonia 
(0.04 ± 0.007 mg l−1) were remained in the desired ranges.

Hematological parameters

Hematocrit (Fig. 1a) and hemoglobin levels (Fig. 1b) 
in silver catfish showed no significant changes between 
treatments. MCHC levels showed no significant differ-
ence between the experimental groups (overall mean 
25.7 ± 0.2 g dl−1).

Plasma ion levels

Plasma na+ levels (Fig. 2a) in silver catfish were sig-
nificantly affected by the Ha treatment, increasing lin-
early with increasing Ha concentrations in the water. 
Furthermore, there was a significant interaction between 
DO and Ha in plasma na+ levels of silver catfish. In 
hypoxia, plasma na+ levels increased by 43 % in silver 
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catfish non-exposed to Ha when compared to normoxia, 
but simultaneous exposure to hypoxia and 5 mg l−1 
Ha decreased plasma na+ levels by 18 % compared to 
the normoxic group exposed to the corresponding Ha 
concentration.

Plasma K+ levels (Fig. 2b) in silver catfish increased 
significantly in all hypoxic groups (275, 276 and 195 % at 
0, 2.5 and 5 mg l−1 of Ha, respectively) when compared 
to normoxic ones. Plasma Cl− levels (Fig. 2c) showed no 
significant difference between treatments.

Oxidative parameters

no significant difference was found in lPO levels meas-
ured in the plasma by TBarS (Fig. 3a) and in the enzy-
matic activity of CaT measured in erythrocytes (Fig. 3c). 
enzymatic activities of SOD (Fig. 3d) and gST (Fig. 3f) 
in erythrocytes increased linearly with increasing Ha con-
centrations. In hypoxia, plasma lPO levels measured by 
lOOH decreased significantly by 52, 55 and 51 % in silver 
catfish exposed to 0, 2.5 and 5 mg l−1 Ha, respectively, 
compared to normoxia with the corresponding Ha concen-
tration (Fig. 3b). likewise, in hypoxia, SOD activity was 

significantly decreased by 62, 60 and 71 % in erythrocytes 
of silver catfish exposed to 0, 2.5 and 5 mg l−1 Ha, respec-
tively, when compared to normoxia with the corresponding 
Ha concentration (Fig. 3d). gPx activity in erythrocytes 
also decreased in hypoxic conditions by 40 and 30 % in 

Fig. 1  The hematocrit (a) and hemoglobin (b) in the blood of Rham-
dia quelen maintained under hypoxic and normoxic conditions and 
different humic acid (Ha) levels in the water. Data are mean ± SeM

Fig. 2  Plasma ion levels in Rhamdia quelen maintained under 
hypoxic and normoxic conditions and different humic acid (Ha) lev-
els in the water. Data are mean ± SeM. Asterisks represent signifi-
cant difference from normoxia group at the same Ha concentration, 
determined by two-way anOVa and t-Bonferroni tests (p < 0.05). a 
Plasma na+ levels: F(2,29) = 3.4 to Ha; F(1,27) = 6.2 to linearity; 
F(2,24) = 16.4 to interaction. Post hoc t = 4.3 and t = 3.5–0 and 
5 mg l−1 Ha, respectively. N = 5 each group, p < 0.05. b Plasma 
K+ levels: F(1,24) = 207.01 to OD. Post hoc t = 7.6, t = 13.9 and 
t = 14.6–0, 2.5 and 5 mg l−1 Ha, respectively. N = 5 each group. c 
Plasma Cl− levels. N = 5 each group
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erythrocytes of silver catfish exposed to 0 and 2.5 mg l−1 
Ha, respectively, when compared to normoxic conditions 
with the corresponding Ha concentration (Fig. 3e). a sig-
nificant interaction between DO and Ha was observed in 
gST activity (Fig. 3f) and the levels of non-protein thi-
ols (Fig. 3g). In hypoxia, gST activity and the levels of 

non-protein thiols decreased significantly by 41 and 38 %, 
respectively, in erythrocytes of silver catfish exposed to 
5 mg l−1 Ha, when compared to the respective normoxic 
conditions (Fig. 3f, g, respectively).

In the gills, lPO levels measured by TBarS (Fig. 4a) 
and measured by lOOH (Fig. 4b), as well as activities of 
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SOD (Fig. 4d), gPx (Fig. 4e) and gST (Fig. 4f) decreased 
linearly with increasing Ha concentrations.

In hypoxia, lPO levels measured by lOOH decreased 
significantly by 22 and 23 % in gills of silver catfish 
exposed to 2.5 and 5 mg l−1 Ha, respectively, when com-
pared to normoxia with the corresponding Ha concentra-
tion (Fig. 4b). CaT activity in hypoxia was elevated by 
81 % at 2.5 mg l−1 Ha and 153 % at 5 mg l−1 Ha when 
compared to the respective normoxic conditions (Fig. 4c). 
In hypoxic conditions, SOD activity increased signifi-
cantly by 24 and 39 % in the gills of silver catfish exposed 
to 2.5 and 5 mg l−1 Ha, respectively, when compared to 
normoxic conditions with the corresponding concentra-
tion of Ha (Fig. 4d). Furthermore, a significant interac-
tion between DO and Ha was observed in CaT activity 
(Fig. 4c), indicating that Ha modifies the effect of hypoxia 
on this enzyme. Similarly, a significant interaction between 
DO and Ha was observed in gST activity in the gills of 
silver catfish (Fig. 4f), whose activity in hypoxia decreased 
by 42 % in the absence of the Ha when compared to the 
respective normoxic group, but in the groups exposed to 
Ha, no difference between normoxia and hypoxia was 
observed.

In the brain of silver catfish, there was a significantly lin-
ear component in lPO levels measured by lOOH (Fig. 5b), 
SOD activity (Fig. 5c) and gPx activity (Fig. 5d), indicat-
ing that these parameters decreased linearly with increased 
Ha concentrations. In hypoxia, lPO levels measured by 
TBarS were significantly increased by 85 and 95 % in the 
brain of silver catfish exposed to 0 and 2.5 mg l−1 Ha, 
respectively, when compared to normoxic conditions with 
the corresponding Ha concentration (Fig. 5a). gPx activ-
ity was elevated by 108 % at 2.5 mg l−1 Ha and 76 % at 
5 mg l−1 Ha in hypoxia when compared to the normoxic 
conditions with the corresponding Ha concentration 

(Fig. 5d). Ha and DO levels did not significantly modify 
gST activity (Fig. 5e). The determination of CaT activity 
in this organ was not possible due to the sensitivity of the 
method.

Discussion

HS are produced by several sources and show differences 
in their constitution and functional groups. Thus, their pres-
ence in aquatic environments can lead to diverse responses 
by organisms. The protective ability of HS was associated 
with a higher aromatic content, which was mainly found in 
HS derived from the breakdown of lignins, which tend to 
be optically darker; lignin-derived HS also contain a large 
fraction of Ha (Wood et al. 2011).

HS can directly interact with freshwater organisms, such 
as phototrophic organisms. These interactions can lead to 
stress symptoms in these exposed organisms, including a 
reduction in photosynthetic oxygen release (Pflugmacher 
et al. 2006; Steinberg et al. 2008). large changes in oxy-
gen availability in aquatic environments can lead to corre-
sponding wide variations in the production of rOS by ani-
mals with aquatic respiration. Increased formation of these 
species occurs during reoxygenation following periods of 
hypoxia or anoxia, mainly in mitochondria (lushchak et al. 
2001; lutz and nilsson 2004).

Mitochondria are a well-known source of rOS even 
under normal conditions. In vitro studies showed that Ha 
could prevent the generation of these rOS in liver mito-
chondria by recapturing superoxide anions with lower 
efficiency than hydroxyl radicals (Vašková et al. 2011). 
nonetheless, data reporting the effects of Ha on oxidative 
parameters in fish are scarce in the literature.

Total phenolic compound concentration

HS behave as natural environmental chemicals and must 
interact with biotic structures. HS are characterized by 
many properties due to their composition, which includes 
various metals, molecular weights of the HS fraction, aro-
maticity, free organic radicals, functional groups and oth-
ers (Wood et al. 2011). aquatic HS are water-soluble com-
pounds comprising carboxylic, carbonyl, phenolic, quinoid 
and aliphatic groups among others (Meinelt et al. 2007). 
These authors reported that natural HS with high moieties 
of high-molecular carbohydrates supported the growth of 
the fish-pathogenic species Saprolegnia parasitica, while 
synthetic and lignite-derived HS were among the most 
efficient HS sources to inhibit fungal growth. growth inhi-
bition was correlated with the molecular weights of the 
HS fraction, aromatic compounds, COOH groups, C and 
H. Furthermore, HS with higher molecular weights and 

Fig. 3  Oxidative parameters in the blood of Rhamdia quelen main-
tained under hypoxic and normoxic conditions and different humic 
acid (Ha) concentrations in water. Data are mean ± SeM. Asterisks 
represent significant difference from normoxia group at the same Ha 
concentration, determined by two-way anOVa and t-Bonferroni 
tests (p < 0.05). a Thiobarbituric acid reactive substances (TBarS): 
N = 7 each group. b lipid hydroperoxides (lOOH): F(2,30) = 6.6 
to Ha; F(2,35) = 57 to DO. Post hoc t = 6.2, t = 5.2 and t = 3.5–0, 
2.5 and 5 mg l−1 Ha, respectively. N = 6 each group, p < 0.05. c 
Catalase (CaT). N = 7 each group. d Superoxide dismutase (SOD): 
F(2,41) = 4.2 to Ha; F(1,39) = 4.8 to linearity; F(1,36) = 57.8 to 
DO. Post hoc t = 4.5, t = 4.9 and t = 4.1–0, 2.5 and 5 mg l−1 Ha, 
respectively. N = 7 each group, p < 0.05. e glutathione peroxidase 
(gPx): F(1,36) = 13.7 to DO. Post hoc t = 3.2 and t = 2.3–0 and 
2.5 mg l−1 Ha, respectively. N = 7 each group, p < 0.05. f glu-
tathione-S-transferase (gST): F(2,41) = 3.4 to Ha; F(1,39) = 4.5 
to linearity; F(2,36) = 8.6 to interaction. Post hoc t = 4.2–5 mg l−1 
Ha, respectively. N = 7 each group, p < 0.05. g non-protein thiol 
groups: F(2,36) = 5.3 to interaction. Post hoc t = 3.07–5 mg l−1 
Ha, respectively. N = 7 each group, p < 0.05

◂
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aromaticity contained a high number of organic radicals 
and were the most efficient in reducing fungal growth.

although there may be more functional groups or prop-
erties in HS influencing the responses of the organisms, 

the present research only studied the presence and the 
effects of the phenolic compounds present in Ha on bio-
chemical responses of the silver catfish. The results dem-
onstrated that Ha contains phenolic compounds, which 

Fig. 4  Oxidative parameters in the gills of Rhamdia quelen main-
tained under hypoxic and normoxic conditions and different humic 
acid (Ha) concentrations in water. Data are mean ± SeM. Aster-
isks represent significant difference from normoxia group at the 
same Ha concentration, determined by two-way anOVa and 
t-Bonferroni tests (p < 0.05). a Thiobarbituric acid reactive sub-
stances (TBarS): F(2,39) = 4.73 to Ha; F(1,37) = 9.3 to linear-
ity. N = 8 each group, p < 0.05. b lipid hydroperoxides (lOOH): 
F(2,35) = 3.8 to Ha; F(1,33) = 7.6 to linearity; F(1,30) = 14.3 to 
DO. Post hoc t = 2.5, t = 2.4–2.5 and 5 mg l−1 Ha, respectively. 
N = 6 each group, p < 0.05. c Catalase (CaT): F(1,42) = 21.8 to DO; 

F(2,42) = 21.1 to interaction. Post hoc t = 4.2 and t = 5.4–2.5 and 
5 mg l−1 Ha, respectively. N = 8 each group, p < 0.05. d Superox-
ide dismutase (SOD): F(2,35) = 6.2 to Ha; F(1,33) = 12.2 to line-
arity; F(1,30) = 21.8 to DO. Post hoc t = 3.2 and t = 5.8–2.5 and 
5 mg l−1 Ha, respectively. N = 6 each group, p < 0.05. e glutathione 
peroxidase (gPx); F(2,47) = 8.3 to Ha; F(1,45) = 16.6 to linear-
ity. N = 8 each group, p < 0.05. f glutathione-S-transferase (gST): 
F(2,41) = 8.3 to Ha; F(1,39) = 14.5 to linearity; F(2,36) = 5.1 to 
interaction. Post hoc t = 3.4–5 mg l−1 Ha, respectively. N = 7 each 
group, p < 0.05
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could be involved in the reduction of lPO levels. Plant 
cell wall metabolites and their degradation products (as 
HS) contain several bioactive compounds, such as pheno-
lics, which proved to be effective scavengers of rOS (gali 
et al. 1992). The antioxidant action of phenolic compounds 
under in vitro conditions is attributed to their complex-
ing ability (Varanka et al. 2001). Furthermore, phenolic 
compounds are able to trap alkoxyl radicals, which are 
the usual initiators of lPO reactions (Millic et al. 1998; 
Michalak 2006).

Hematological parameters

In this research, hematological parameters of silver catfish 
were unaffected by treatments, indicating that Ha did not 
alter the number of blood cells as well as their hemoglobin 
content.

In hypoxia, no alteration in either the hematocrit or 
hemoglobin level was observed when compared to nor-
moxia, possibly due to the moderate but not severe hypoxic 
levels employed. any alteration was most likely not sharp 

Fig. 5  Oxidative parameters in the brain of Rhamdia quelen main-
tained under hypoxic and normoxic conditions and different humic 
acid (Ha) concentrations in water. Data are mean ± SeM. Asterisks 
represent significant difference from normoxia group at the same Ha 
concentration, determined by two-way anOVa and t-Bonferroni 
tests (p < 0.05). a Thiobarbituric acid reactive substances (TBarS): 
F(1,24) = 18 to DO; Post hoc = 3.7 and t = 3.5–0 and 2.5 mg l−1 

Ha, respectively. N = 5 each group, p < 0.05. b lipid hydroperox-
ides (lOOH): F(2,29) = 8.16 to Ha; F(1,27) = 16 to linearity. N = 5 
each group, p < 0.05. c Superoxide dismutase (SOD): F(2,29) = 3.4 
to Ha; F(1,27) = 5.2 to linearity; N = 5 each group, p < 0.05. d glu-
tathione peroxidase (gPx): F(1,27) = 6.2 to Ha. Post hoc t = 4.6, 
t = 4.7–2.5 and 5 mg l−1 Ha, respectively. N = 5 each group, 
p < 0.05. e glutathione-S-transferase (gST): N = 5 each group
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enough to activate erythropoietin, a mediator of erythrocyte 
production.

Plasma ion levels

Black waters are poor in ions. HS apparently limit gill per-
meability and excessive ion loss in these diluted waters by 
maintaining gill tight junctions (Matsuo and Val 2007). 
This study observed that Ha exposure led to an increase 
in plasma na+ levels and it was directly proportional 
to the concentration of Ha. Thus, it is possible that Ha 
reduced the ion loss via fish gills, consequently increasing 
the plasma ion levels. In hypoxia, plasma na+ levels were 
increased in silver catfish unexposed to Ha when com-
pared to normoxic conditions. Beside this, plasma K+ lev-
els were increased in all groups in hypoxic conditions com-
pared to normoxic conditions. These elevated levels could 
be attributed to a shift of fluid into the intracellular com-
partment to balance the possible increase in the plasmatic 
lactate concentration from anaerobic pathways (Wood et al. 
2007). Such an effect of hypoxia exposure has been previ-
ously described for this species (rosso et al. 2006; Becker 
et al. 2009). Silver catfish exposed to Ha and hypoxia 
simultaneously showed a decrease in plasma na+ levels. It 
is possible that hypoxia inhibits the effect of Ha on fish 
gills, keeping plasma ion levels near to control values.

Oxidative parameters

rOS are formed during the metabolism of oxygen of all 
aerobic organisms (including fish) by normal breathing, 
and rOS concentrations are controlled by antioxidant 
defenses. These defenses include the enzymes SOD, CaT, 
gPx and gST. SOD converts the superoxide anion formed 
from molecular oxygen into H2O2, which is converted to 
water and oxygen by the action of CaT. gPx, in turn, cata-
lyzes the conversion of both H2O2 and organic hydroperox-
ides to less reactive products, employing glutathione gSH 
in its reduced form as the electron donor (Halliwell and 
gutteridge 1999). gST plays the main role in eliminating 
exogenous substances, and some of these enzymes elimi-
nate organic hydroperoxides. In hypoxia, fish may decrease 
overall metabolic rates as a strategy to survive this adverse 
condition. In this situation, phosphorylation is affected 
(lushchak and Bagnyukova 2006), changing the redox sta-
tus of cells, enzymatic processes and signaling molecules 
(Zhu et al. 2013). These changes in redox status of cells are 
dependent on the degree of hypoxia (Welker et al. 2013) 
and the time to exposure, inducing an increase in rOS pro-
duction within a few hours (lushchak and Bagnyukova 
2006) and a decrease in rOS production after a few days 
of hypoxia exposure (Wilhelm Filho et al. 2005; Sampaio 
et al. 2008).

all tissues analyzed by this study showed a reduction in 
lPO levels, which was inversely proportional to the con-
centration of Ha in the initial stage, measured by lOOH. 
Thus, Ha exerts an antioxidant effect on lipid membranes, 
which could be attributed to a mixture of heterogeneous 
organic substances, whose properties, molecular weight 
and relative composition of functional groups depend on 
the mixture’s source of origin (McDonald et al. 2004) and 
time of decomposition (aeschbacher et al. 2012).

aquatic Ha contains lignins and tannins with the abil-
ity to donate electrons and to neutralize rOS, which pro-
vide Ha an antioxidant action, protecting other functional 
groups from oxidation and ensuring their stability (rimmer 
and abbott 2011). Some research demonstrated that Ha 
isolated from rivers, streams and lakes showed shorter deg-
radation that has been correlated with higher electron donor 
ability due to the presence of phenol groups (aeschbacher 
et al. 2012).

Similarly, in both hypoxia and normoxia, gPx activity 
decreased linearly in gills and brain in an inversely propor-
tional manner to the concentration of Ha. In vitro studies 
by Vašková et al. (2011) also showed a reduction in gPx 
activity in liver mitochondria exposed to Ha. These authors 
suggested that the decrease in gPx activity indicates that 
the electrophilic properties of Ha markedly balance mito-
chondrial redox status. The presence of numerous struc-
tures in Ha resembling those of quinones predetermines 
them to transfer the accepted electrons within an Ha mol-
ecule without involvement of mitochondrial enzymes that 
otherwise reduce the developing peroxides.

red blood cells were investigated in the present research 
because they exhibit specific enzymatic responses of cel-
lular protection against rOS, which are produced in large 
quantities in these cells (Michalak 2006). It was observed 
that Ha exposure led to an increase in SOD and gST 
activities in normoxia as well as in the levels of non-protein 
thiols. glutathione in its reduced form is one of the most 
abundant intracellular non-protein thiols and acts as a sub-
strate for gST; thus, its increase could be related to the 
supply of substrate for the activity of gST. as described in 
the literature, when an elevation of SOD activity is associ-
ated with a rise in gSH levels, the generation of superoxide 
anion and the subsequent rOS is inhibited in fish erythro-
cytes (Koppenol 1993; Winterbourn 1993; Marcon and Wil-
helm 1999). Measurement of antioxidant properties of the 
selected natural Ha showed that Ha displays antioxidant 
properties against superoxide anions (Vašková et al. 2011). 
It is known that the antioxidant capacity of phenolic com-
pounds does not extend to all reactive species involved in 
cell damage (Soobratee et al. 2005). It is believed that the 
increases in these enzymes, particularly the gST, are asso-
ciated with the modulation of other reactive species which 
are not neutralized by the action of phenolic compounds. 
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Furthermore, the activity of antioxidant compounds is not 
simply limited by quenching of rOS generation and propa-
gation but also interferes with cell signal transduction by 
interacting with other signaling enzymes and transcription 
factors (leonarduzzi et al. 2010), which could increase the 
activity of these enzymes.

In contrast to normoxia, an interesting interaction 
between hypoxia and Ha was observed for gST activ-
ity in red blood cells and in the levels of non-protein thi-
ols, decreasing their levels in the presence of 5 mg l−1 
of Ha. These results indicate that moderate hypoxia may 
inhibit the effect of Ha on gST and non-protein thiols. It is 
believed that in red blood cells, the association of metabolic 
depression and the antioxidant properties of Ha effectively 
control rOS, hydroperoxides and exogenous components, 
which could inhibit the glutathione-related antioxidants. In 
hypoxia, the red blood cells studied also displayed a reduc-
tion in lOOH levels associated with a decrease in SOD and 
gPx activities as well as the content of non-protein thiols 
(the latter only in 5 mg l−1 Ha) when compared to nor-
moxia. Such observed alterations could be associated with 
the decreased overall metabolic rate in fish exposed to 
hypoxia (lushchak and Bagnyukova 2006).

The gills are the primary target of compounds dissolved 
in water due to their large contact surface, which facilitates 
interaction with external factors as well as the gill defense 
system (Pandey et al. 2008). In addition to the reduction of 
the lPO levels in the initial stage observed in all tissues, a 
decrease inversely proportional to the concentration of Ha 
in the gills was also observed in the final phase of lPO, 
determined by TBarS. The results may be associated to 
the effect of Ha in lipid membranes, which become more 
pronounced in gills due to the direct interaction with Ha.

This study observed that Ha exposure resulted in a 
general reduction of the activity of most enzymatic anti-
oxidants and non-protein thiols in both hypoxia and nor-
moxia, and this reduction was inversely proportional to the 
concentration of Ha. Vašková et al. (2011) suggested that 
the protective mechanisms performed by the antioxidant 
defense system are moderately disabled by the Ha from 
the selected sources, which is involved in redox regulation. 
The exception viewed by the present research was CaT 
activity in the gills. The results showed that this enzyme 
is unaffected by Ha in normoxia. However, a significant 
interaction between Ha and hypoxia was demonstrated for 
CaT activity. Furthermore, comparing the hypoxic groups 
in relation to normoxia, there was an increase in CaT and 
SOD activities in groups exposed to 2.5 and 5 mg l−1 Ha 
in hypoxia. The gills are the major route for eliminating 
H2O2 produced by various organs (Marcon and Wilhelm 
1999). as described by Timofeyev et al. (2006), H2O2 lev-
els in the cytosol of Gammarus lacustris increased after 
exposure to Ha from lake Schwarzer for 6 days. Thus, 

the present study suggested that CaT activity was elevated 
in hypoxic conditions in the presence of humic acid, most 
likely to reduce the toxicity of H2O2 produced in the gills 
by removing it.

Some studies have shown increases of antioxidant 
enzyme activity in the gills of aquatic animals that are 
under metabolic depression (Cooper et al. 2002; Tras-
viña-arenas et al. 2013; Welker et al. 2013). Cooper et al. 
(2002) reported an increase in SOD activity in spot croaker 
fish (Leiostomus xanthurus) exposed to 2 mg l−1 oxygen. 
according to Welker et al. (2013), activation of SOD in the 
gills may protect from the drastic changes in oxygen availa-
bility. In addition, an increase in SOD activity may contrib-
ute to the increase of CaT activity in the gills of silver cat-
fish. The interaction between hypoxia and Ha in gills also 
increased gST activity. This increase is attributed to the 
greater interaction with external factors occurring in gills, 
requiring the most effective removal of exogenous sub-
stances and hydroperoxides in relation to other fish tissues.

Data relating the effect caused by Ha in the brain were 
not available in the literature. This research shows that Ha 
exposure led to a reduction in SOD and gPx activities that 
were inversely proportional to the concentration of Ha. as 
mentioned above, it most likely occurred as a result of the 
key role played by Ha in disabling the protective mecha-
nisms of the antioxidant defense system by recapturing 
superoxide anions, neutralizing peroxides and acting in 
redox regulation (Vašková et al. 2011). In hypoxia, TBarS 
levels were increased in the brain compared to normoxia. 
a similar pattern was observed in the brain of silver cat-
fish transported in plastic bags for 7 h (azambuja et al. 
2011). The brain contains high amounts of unsaturated 
lipids and utilizes approximately 20 % of the total oxygen 
demand of the body (Stella and lajtha 1987). In hypoxic 
conditions, an inadequate oxygen supply to the brain may 
cause increased levels of lPO because the organism tends 
to primarily protect the vital organs (lushchak and Bag-
nyukova 2007). nilsson and renshaw (2004) observed that 
goldfish (Carassius auratus) showed an increased oxygen 
supply to the brain due to blood flow redistribution, which 
is regulated by adenosine, whose action may exacerbate the 
generation of rOS, consequently increasing lPO levels 
(Hochachka and lutz 2001). Moreover, rOS produced dur-
ing hypoxia have a relevant role as signal agents, triggering 
the metabolic adjustments that may proportionate hypoxia 
tolerance (guzy and Schumacker 2006; Hamanaka and 
Chandel 2009; Welker et al. 2013).

Furthermore, in the present work, an elevation in gPx 
activity was verified only in the brain tissue of silver catfish 
exposed to hypoxia and Ha when compared to normoxia 
and Ha, suggesting that this enzyme is most likely trying 
to detoxify the H2O2 accumulated during stress because the 
brain is an organ that is markedly affected by hypoxia.



480 J Comp Physiol B (2014) 184:469–482

1 3

Conclusion

This work indicates that the presence of Ha in hypoxic 
environments can change biochemical and physiological 
parameters in silver catfish in a concentration-dependent 
manner because Ha is able to cause alterations in plasma 
ion levels and oxidative parameters. In general, 2.5 and 
5.0 mg l−1 of Ha are beneficial to silver catfish exposed to 
hypoxia because it plays a key role in protecting the blood, 
gills and brain from lPO as well as in modulating the anti-
oxidant system, mainly gPx and gST activities. These 
effects can be attributed, most likely, to the action of the 
different Ha constituents and functional groups, including 
phenolic compounds, which have antioxidant properties. 
Further studies are needed to elucidate the complete mech-
anism of Ha action on silver catfish.
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