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ABSTRACT

The present study was aimed to understand whether acidic pH in-
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duces oxidative stress in zebrafish affecting metabolic sensor protein and thereby, the
mitochondrial functions in the skeletal muscle of zebrafish. The experiments performed
in aquaria involved the study of the changes of HIF1a, AMPK, PGC1a and SIRT1 levels
together with the levels of mitochondrial Tfam and Nrf1. The results obtained from in-
vestigation of superoxide dismutase (SOD), catalase and glutathione revealed that the
fish undergoes oxidative stress within a short duration of exposure to acidic ambiance.
Further analysis with MDA and HIF1a helped to understand the effects of post oxidative
stress on skeletal muscle of the fish at pH 5.0 (+ 0.5). Of the three tissues studied (gill,
brain and skeletal muscle) the effect was maximum in skeletal muscle as depicted by
MDA level at 2 hours beyond which it declines augmenting death or mortality (15%) to
the fish. Consequently, HIF1a was increased as an adaptive strategy against metabolic
disruption during the first 2 hours period. However, on exposure to pH 5.0 (+ 0.5) for 2
hours, there were decrease of the metabolic sensors viz. AMPK and SIRT1 followed by
mitochondrial gene transcriptional co-activator PGC1a. The expression of mitochon-
drial transcription factors Tfam and Nrf1 were also reduced confirming perturbation
in mitochondrial function affecting low ATP production compared to control. This was
also supported by the decrease of COXIl as well as mitochondrial complex | activity. All
these results confirm that the metabolic machinery of zebrafish is affected when pH
was lowered to 5.0 (+ 0.5). Acta Biol Szeged 64(2):191-198 (2020)
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For last forty years, acidification in water bodies, largely
in lakes throughout the world has invited extensive and
vigorous research approach regarding aquatic resource
management (Mcdonald 1983). Acidification of freshwater
bodies became a global problem involving Europe, USA
and Asia (Schindler 1988; Psenner 1994). Aquatic animals
including fish live in a narrow range of pH, which is near
neutral, therefore, any change in pH range adversely
affects their normal biological functioning (Mcdonald
1983; Wood 1989). Of these, the metabolic mechanisms
are found to be the most susceptible biological functions
(Bhaskar and Govindappa 1985). A high alkaline or acidic

stress may affect the physiological system, especially ion
transporting cells in fish (Kwong et al. 2014). Thus, a sud-
den change in pH may lead to acute stress and a chronic
pH state may cause death. Besides, acidic environment
induced physiological impairments may disturb the overall
homeostatic condition during growth in fish.

The zebrafish (Danio rerio), a small teleost has become
the most widely used animal model for the study of vari-
ous biological phenomena of vertebrates. Recently, this
fish was subjected to study under different stress condi-
tions for stress related diseases (Steenberger et al. 2011).
However, very limited studies on the stress tolerance,
especially with pH are performed on zebrafish. Reported
studies address toxicological effect on embryos of zebraf-
ish (Dave 1984, 1985; Andrade et al. 2017). Zahangir et al.
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(2015) reported secondary stress responses of ‘pH stress’
on zebrafish where the haematological parameters were
primarily assessed. However, metabolic regulator proteins
related to mitochondrial functions due to pH stress have
not been studied, yet.

In the present study, responses during oxidative stress
and its post traumatic consequences caused by acidic pH
were analysed through oxidative stress indicators and
specified biochemical parameters, especially malondialde-
hyde (MDA) level in fish body. Being a by-product of lipid
peroxidation, MDA has been widely used as a biochemical
index of oxidative stress in mammals (Eze et al. 2008).
The results of MDA, therefore, supported the changes
of oxidative stress indicators like superoxide dismutase
(SOD) and catalase enzyme activity and glutathione. The
hypoxia inducible factor-1a (HIF1a) from skeletal muscle
tissue was also studied to affirm the oxidative stress. At
first instance, analysis of metabolic regulator proteins
like AMP-activated protein kinase (AMPK), peroxisome
proliferator-activated receptor gamma coactivator-la
(PGCle) and sirtuin 1 (SIRT1 or NAD-dependent deacety-
lase sirtuin-1) were performed, which was followed by
the analysis of transcription factor A of mitochondria
(Tfam) and nuclear respiratory factor 1 (Nrfl). These
were followed by the analysis of mitochondrial complex
[ activity, expression of cytochrome oxidase II (COX II)
and synthesis of ATP to elucidate a better understanding
on the metabolic impairments.

MATERIALS AND METHODS

Stress exposure to zebrafish

Zebrafish stock was kept in aquarium under laboratory
environment (pH 6.5-7.5, temperature 25-28 °C, dissolved
oxygen (DO) 7-10 mg/1). After one week of acclimatiza-
tion, zebrafish (weight: 0.7 g, total length: 3.8 cm, n = 10)
were collected in separate aquarium for further study. The
experiments were set with three different levels of pH
to measure the responses of tissues against acidic stress.
These three pH levels were acidic (AC, 5.0 £ 0.5), near
neutral (NN, 6.0 + 0.45) and neutral (N, 7.0 + 0.3). The
pH levels were maintained by application of weak organic
acid following a regression equation as Y = 7.675 — 0.008X
(Y = pH and X = Volume acetic acid, pl, R* = 0.997). A
portable digital pocket-sized pH meter (HI98107P) was
used to record the pH of the aquaria. The responses in
fish tissues were measured in terms of MDA level from
the respective tissues. For each analysis, ten fishes were
sampled for collection of tissues.

Three tissues (skeletal muscle, brain and gills) were
evaluated for maximum stress response against the three
pH levels, viz. AC, NN and N. The values were recorded
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till the first mortality occurred in the treated fish popu-
lation. Two norms were standardized after these three
experiments. These were, (i) the highly responsive tissue
and (ii) the effective pH level to assess the biochemical
parameters of the highly responsive tissue. Once the above
norms were set, a new set of fish were treated with the
effective pH level and only the highly responsive tissue
was subjected to all specified biochemical analysis. In this
case, the effective duration of treatment period (mortality
~ 15%) was determined beforehand.

To understand the progression and resulting effect of
acidic stress, the specified biochemical parameters like
SOD, catalase, and glutathione levels were measured
for a period of two hours (the effective duration at 15%
mortality) with 30 min intervals. The tissue samples thus
collected were also used for assessing levels of metabolic
sensors related to mitochondria after 2 h of acidic stress
exposure.

Although not mandatory for the purpose, attempts
were made to maintain all ethical norms for the fish in
the subject during the experiment. Before tissue collec-
tion, fishes were narcotized using MS222.

Tissue collection and processing

Tissues (skeletal muscle, gill and brain) were collected (n
= 10) from zebrafish and processed for further analysis.
Before every analysis, the pooled tissues kept in lysis
buffer (phosphate buffer) were homogenized using micro
tissue homogenizer. The tissues homogenized were then
centrifuged in 10000 g for 15 min. The supernatant was
collected and used for all biochemical assessment. For
western blot analysis, tissue proteins of 100 pg from the
lysate were used.

Biochemical assays

The biochemical assessment was performed for MDA,
other antioxidant enzymes and antioxidant (SOD, catalase,
glutathione), mitochondrial complex I and ATP. MDA
assay was performed according to the method of Aust
(1985). MDA is a product of lipid peroxidation and reacts
with TBA (thiobarbituric acid) to give a red species named
TBARS (thiobarbituric acid reactive substance). The anti-
oxidant enzyme SOD assay was performed following the
method of Ewing and Janero (1995), while catalase assay
together with reduced glutathione quantification were
performed using microplate assay kits (G-Biosciences,
ITAK1061 and ITAK1006). The ATP produced and the
mitochondrial complex I activity were quantified using
microplate assay kits (ATP assay kit, Sigma MAK190 and
Cayman Chemical Mitocheck, Mitochondrial Complex
[ activity assay kit 700930).



Electrophoresis and immunoblotting

The desired quantity of tissue protein was resolved on
10% SDS-PAGE and were transferred to PVDF mem-
branes through transfer buffer (25 mM Tris, 193 mM
glycine, 20% methanol, pH 8.5) for 1.5 hours. Western blot
analysis was performed for HIF1a, PGCla, AMPK, SIRT],
Tfam, Nrfl and COXII using specific antibodies (Table 1)
against the protein/factor of interest. Membrane bound
primary antibodies were visualized using correspond-
ing secondary antibodies at 1:1000 dilutions, which was
tagged with alkaline phosphatase and developed with
corresponding substrates, 5-bromo-3-chloro-3-indolyl
phosphate/nitrobluetetrazolium (BCIP/NBT). Band in-
tensities were quantified by utilizing Image J software
(NIH, Bethesda, MD).

Statistical analysis

Homogeneity of variances of data sets were tested us-
ing Levene’s statistics. The Kruskal-Wallis H test was
computed where Levene’s statistics did not comply to p
> 0.05. In case of all analyses, o level was fixed at 0.05.
SPSS 16.0 was used for all statistical analyses.

RESULTS

The present study examined three different tissues from
adult zebrafish, which were subjected to three pH levels,
viz.,, AC, NN and N (control). The formation of MDA in
skeletal muscle tissue was significantly higher than the
control (Kruskal-Wallis H Test, ¥2 = 25.806, p = 0.00;
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Figure 1. Determination of MDA levels in three different tissues
(skeletal muscle, brain and gills) of zebrafish under three different
pH conditions: acidic (AC, 5.0 + 0.5), near neutral (NN, 6.0 + 0.45) and
neutral (N, 7.0 + 0.3). Data are shown as Mean + SE. Bars with different
lower-case letters show statistically significant difference at p < 0.05.

Fig. 1). Out of all the three pH levels, mean rank of pH
5.0 £ 0.5 showed maximum effect on skeletal muscle as
reflected from MDA levels (Fig. 1). It was also observed
that increased formation of MDA in skeletal muscle tis-
sue was comparatively higher than brain and gill tissues
(Fig. 1). We have, therefore, considered skeletal muscle
of zebrafish as primary tissue affected by acidic ambi-
ance. The difference in the formation of MDA in skeletal
muscle among three pH levels (namely AC, NN and N),
were found statistically significant (Kruskal-Wallis H
Test, x2= 25.806, p=0.00; Fig. 1). Here, the AC showed
highest rank in terms of MDA formation in skeletal
muscle compared to other pH levels. The maximum level
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Figure 2. Formation of MDA in skeletal muscle tissue of zebrafish. (A) Formation of MDA in skeletal muscle tissue and percent mortality esti-
mated over 9-h gradient with 1 h interval. The MDA formation was highest on exposure for 2 h to pH 5 (+ 0.5). (B) catalase, glutathione and SOD
produced under pH 5.0 + 0.5 in the zebrafish skeletal muscle when treated for 30 min, 1 h, 1.5 h and 2 h. Bars with different lower-case letters

show statistically significant difference at p < 0.05.

On figure B: a, pH 5 + 0.5 for 30 min; b, pH5+ 0.5for 1 h; ¢, pH5+ 0.5 for 1.5 h; d, pH5+ 0.5 for 2 h
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Figure 3. Immunoblot of a stress marker protein, HIF1a and its den-
sitometry analysis after 2 h of stress exposure of zebrafish to pH 5.0
+ 0.5. Data are shown as Mean * SE. Bars with different lower-case
letters show statistically significant difference at p < 0.05.

of MDA in skeletal muscle tissue (5000 nmol MDA/mg
protein) was recorded at the second hour of treatment.
Beyond this period, fish mortality starts (Fig. 2A). Thus,
it was standardized that the skeletal muscle is the highly
responsive tissue for oxidative stress induced by acidic
ambiance, and it experiences elevated oxidative stress
during 2-hours-exposure to acidic ambiance. All these
outcomes were supported by the results of SOD, catalase
and glutathione assays of the skeletal muscle of fish at 30
min, 1 h, 1.5h and 2 h intervals under pH 5.0 £ 0.5. The
results showed that, compared to control, the acidic ambi-
ance markedly induced the elevation of catalase and SOD
antioxidant enzymes activities along with the oxidative
stress protective glutathione compound between 30 min
to 1 h of exposure to acidic stress. Beyond this period, at
2 h, the activities of antioxidant enzymes (catalase and
SOD) and glutathione were declined steeply and reached
below the normal level (control) (Fig. 2B). The Kruskal-
Wallis H Test showed statistically significant difference
of activities of SOD (2 = 45.155, p = 0.000), glutathione
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Figure 4. Immunoblots of AMPK, SIRT1 and PGC1a and, their densitom-
etry analysis compared to control after 2 h of stress exposure of zebraf-
ish to pH 5.0 + 0.5. Data are shown as Mean + SE. Bars with different
lower-case letters show statistically significant difference at p < 0.05.

(x2 =45.161, p = 0.00) and catalase (x2 = 46.874, p = 0.00)
from the control. HIF-1e, an oxidative stress marker
protein was also significantly increased at pH 5.0 £ 0.5.
There is a significant increase in the expression of the
protein (x2 = 8.308, p = 0.004) than the control, which is
quite prominent from the densitometric analysis, when
exposed under acidic ambiance for 2 h (Fig. 3).
Immunoblots of AMPK, PGCle and SIRT1 from
skeletal muscle tissue showed that the amount of AMPK,
PGCla and SIRT1 were decreased under acidic pH (Fig.
4). Both the metabolic sensors (AMPK and SIRT1) were
significantly decreased (x2 = 8.366, p = 0.004 and 2 =
7.908, p = 0.005, respectively), which in turn resulted in
the significant decreased amount of the master regulator
PGCla (32 = 8.396, p = 0.004), which is the transcrip-
tional coactivator of the energy homeostatic pathway in
mitochondria. It is reasonable to think that reduced level
of PGCla results in the decrease in expressions of the
PGCla -regulated Tfam, Nrfl (transcription factors in-
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Figure 5. Immunoblots of Tfam, COXIl and Nrf1 along with ATP synthesis and mitochondrial complex | activity. (A) Immunoblots of Tfam, COXII
and Nrf1 and, their densitometry analysis after 2 h of stress exposure of zebrafish to pH 5.0 £ 0.5. (B) ATP production and mitochondrial complex
| activity in skeletal muscle tissue on exposure of zebrafish to pH 5.0 + 0.5 stress exposure of 2 h showing significant decrease in ATP production
and mitochondrial complex | activity after 2 h. Data are shown as Mean + SE. Bars with different lower-case letters show statistically significant

difference at p < 0.05.

volved in mitochondrial biogenesis) and COXII (one of the
essential subunits of the complex IV of electron transport
chain). Indeed, significant decrease of Tfam (y2 = 5.026,
p =0.025), Nrfl (x2 = 8.308, p = 0.004) and COXII (x2 =
8.308, p = 0.004) protein levels were observed at pH 5 £
0.5 (Fig. 5A). Under stress condition at pH 5.0+0.5, the
production of ATP and mitochondrial complex I activ-
ity of electron transport chain also showed a significant
reduction (y2= 5.333, p=0.021 and ¥2= 14.329, p=0.00,
respectively) that may correlate with the damage to the
mitochondrial bioenergetics (Fig. 5B).

DISCUSSION

It is evident from the result that the zebrafish skeletal
muscle experienced highest oxidative stress on expo-
sure for 30 min to 1 h to acidic ambience. However, the
oxidative stress indicators steeply declined from 1-2 h.
It is not confirmed whether the physiological health of

the fish came under threat for such short exposure or
not. The assessment of the formation of MDA is also
significantly higher in its skeletal muscle tissue compared
to brain and gill under low pH condition, indicating the
resultant post traumatic physiological challenge. Such
outcome was also confirmed by the changes in HIF-1a
levels and other stress indicators like SOD and catalase
activity and glutathione level at pH 5.0 £ 0.5 at 2 h. The
15% mortality at 2 h further supported the possible fail-
ure of the fish to withstand the oxidative stress induced
damage. As outlined earlier, the present study aims to
understand the metabolic impairment at this point faced
by zebrafish through AMPK-SIRT1-PGCle axis under
acidic ambiance.

Earlier, few studies reported that zebrafish can tolerate
pH from 4.0-10.7 (Kwong et al. 2014; Zahangir et al. 2015).
However, in the present study, results of oxidative stress
indicators confirmed that the skeletal muscle of the fish
experienced high oxidative stress within 1 hour to the
exposure of pH 5.0 £ 0.5. The use of MDA and HIF-1a

195



Chowdhury et al.

as biomarker of stress further established that the after-
effects of oxidative stress exists even though the oxidative
stress indicators were declined in the skeletal muscle
at 2 h. Thus, a cellular hypoxic condition might persist
even after the exhibition of surge evident from oxidative
stress indicators. Such possibility cannot be ignored since
the fish displayed unrest behaviour after exposure of 2
h in acidic ambiance with more frequent gulping at the
water surface. Although, this level of pH is not lethal in
general, it led the fish to suffer from high oxidative stress,
which is reflected from the observation discussed above.
Probably, such observation was overlooked by previous
researchers, since their studies were not based on forma-
tion of MDA in skeletal muscle tissue. In general, MDA
is suggested as the efficient stress-marker for animals,
especially mammals (Nielsen et al. 1997). Being one of the
final products of polyunsaturated fatty acids peroxida-
tion in the cells, its formation indicates the generation of
free radicals in tissues (Gawel et al. 2004; Dahake et al.
2016). As mentioned earlier, the results shown by MDA
were correlated to the results of stress indicators (SOD,
catalase and glutathione). These stress indicators are
the part of antioxidant defence system which are either
enzymatic (SOD and catalase) or non-enzymatic (glu-
tathione) and are frequently used to evaluate oxidative
stress level in animals (Huang et al. 2020). The enhanced
level of HIF-1a protein indicates insufficient O, in cell
that creates hypoxia and mediates the re-establishment of
homeostasis in oxidatively stressed cell (Samenza 2005).
The cellular hypoxic condition probably persists, even
at 2 h, when antioxidant surge exhausted. Under such
condition, amount of HIF-1a increases, as seen in the
present study, and helps to generate adaptive response in
cell through metabolic and bioenergetic pathways arrest-
ing ATP production through decrease in expression of
metabolic sensors like AMPK, PGClea and SIRT1 (Muoio
and Kove 2007; Majumdar et al. 2010). In this study, the
increase of HIF-1a protein level was indeed accompanied
by decrease of AMPK, PGCle and SIRTT.

Out of all metabolic sensors, the AMPK and SIRT1
act as sensors of cellular energy status for restoration of
cellular damage (Han et al. 2013). This homeostatic de-
fence mechanism is a natural biological phenomenon and
takes place in all eukaryotes (Hardie et al. 2012a, 2012b;
Hardie 2013; Han et al. 2016). The activation of AMPK is
found to be linked with increase in AMP:ATP ratio and
increased ADP concentrations, both of which are linked to
an energetic drop (Canto and Auwerx 2009; Hardie 2011;
Mihaylova and Shaw 2011). In case of oxidative stress, the
AMPK works as a cellular sensor for degraded AMP:ATP
and ADP:ATP ratios and gets activated to recover the
energy balance (Auciello et al. 2014). Under the acidic
ambiance, in the skeletal muscle of zebrafish, the levels of
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AMPK and SIRT1 proteins significantly decreased within
2 h compared to the stress-free condition, indicating a
direct effect of pH 5.0 + 0.5 on skeletal muscle tissue.

It is well known that the master metabolic regulator
PGClo that promotes the expression of mitochondrial
genes, functions synergistically with AMPK and SIRT1
for ATP production under oxidative stress conditions
(Canto and Auwerx 2009; Jeninga et al. 2010). In com-
pliance to the above role, the level of PGCla protein
was found to be significantly decreased in the present
study. This directly indicates that the energy synthesis
processes are intervened at acidic pH level of 5.0 + 0.5.
The present study also showed significant decrease of
mitochondrial complex I activity and COXII protein
level that directly indicates a decreased performance of
mitochondrial functions. Indeed, reduction in activities
of both mitochondrial complex I and COXII, which are
parts of the electron transport chain, is indicative of
impaired mitochondrial bioenergetics (Rato et al. 2014).
Similarly, decrease of AMPK levels results in reduced
activation of PGCle, which in turn results in the perturba-
tion of normal mitochondrial biogenesis processes. The
decrease of mitochondrial functions is further reflected
by the significantly decreased levels of Tfam and Nrfl
proteins under acidic ambiance compared to control
conditions. In mammals, these two transcription factors
are directly involved in mitochondrial biogenesis under
stress condition (Sharma et al. 2013). There is decrease
in mitochondrial derived ATP production in mammals
under oxidative stress (Zhang et al. 2006). Congruently,
in the present study, the mitochondrial bioenergetics
seems to be disrupted resulting in low ATP production
under acidic ambiance.

CONCLUSION

This study explains that zebrafish experiences oxidative
stress in skeletal muscle when ambiance turned to acidic,
toalevel at pH 5.0 + 0.5 within 30 min to 1 h, which was
evident from the response of oxidative stress indicators
(SOD and catalase activities and glutathione level). Beyond
this point, even though the oxidative stress indicators
(SOD and catalase activities and glutathione level) de-
clined, the oxidative stress induced traumatic condition
persists. This is evident from the analysis of MDA or HIFla
levels or other regulators related to energy homeostasis
associated directly or indirectly with mitochondria (such
as PGCla). The fish, although strived to resume adaptive
homeostatic strategy at pH 5.0 £ 0.5, the increase in the
rate of mortality explains state of metabolic dysfunction.
Surprisingly, when the fish was kept under acidic ambiance
for a period up to 9 h, the rate of mortality reached up to



90% and MDA level was reduced to 1000 nmol MDA/mg
protein. Whether these adaptations at miniscule scale of
10% is due to naturally inherent counter mechanism or
it is just a failure of progressive rate of adaptive response
in 90% of population, is not clear. As of now, this study
hints that, acidic ambiance induced post oxidative stress
affects the mitochondrial biogenesis and bioenergetics in
zebrafish greatly impairing its metabolic adaptability.
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