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Summary

Clinical reports suggest close interactions between stressors, particularly those of long
duration, and liver diseases, such as hepatic inflammation, that is proposed to occur via
reactive oxygen species. In the present study we have exploited 21 days social isolation of
male Wistar rats as a model of chronic stress to investigate protein expression/activity of liver
antioxidant enzymes (AOESs): superoxide dismutases (SODs), catalase (CAT), glutathione
peroxidase (GPx) and glutathione reductase (GLR), and protein expression of their upstream
regulators: glucocorticoid receptor (GR) and nuclear factor kappa B (NFkB). We have also
characterized these parameters in either naive or chronically stressed animals that were
challenged by 30 min acute immobilization. We found that chronic isolation caused decrease
in serum corticosterone (CORT) and blood glucose (GLU), increase in NFkB signaling, and
disproportion between CuzZnSOD, peroxidases (CAT, GPx) and GLR, thus promoting H,O,
accumulation and prooxidative state in liver. The overall results suggested that chronic stress
exaggerated responsiveness to subsequent stressor at the level of CORT and GLU, and
potentiated GLR response, but compromised the restoration of oxido-reductive balance due to

irreversible alterations in MnSOD and GPx.
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Introduction

Liver exhibits one of the highest antioxidant enzymes (AOESs) capacities in the body,
due to its major metabolic roles including glycogen storage, decomposition of red blood cells,
plasma protein synthesis, detoxification and others (Navarro-Arevalo and Sanchez-Del-Pino
1998). This organ also plays indispensable role in adaptive response to neuroendocrine stress,
when its anabolic activity provides energy-rich compounds, such as glucose and lipids,
necessary for organism's adaptation (Sapolsky et al. 2000). The adaptive liver response is
triggered by stress-induced elevation of serum glucocorticoids (GCs) which among other
actions stimulate liver gluconeogenesis (McKay and Cidlowsky 2000). However, altered
levels of GCs are also known to promote the toxicity of oxygen radical generators, through
increase in the basal level of reactive oxygen species (ROS) produced by the cells (McIntosh
et al. 1998). Genomic effects of GCs are mediated through the glucocorticoid receptor (GR).
In addition to GR, another redox-sensitive transcriptional factor, nuclear factor kappa B
(NFkB) is considered as important stress sensor playing crucial role in determining cellular
fate during oxidative stress (Martindale and Holbrook 2002). NFkB is known to be activated
by ROS and its activation leads to the transcriptional activation of numerous stress-response
genes including antioxidant enzymes (Kim et al. 1994, Wan et al. 1994, Xu et al. 1999, Zhou
et al. 2001, Rojo et al. 2004). The reviewed literature suggests that under neuroendocrine
stress, AOEs are regulated by interplay of GCs signals via GR and signals from NFkB
pathway (De Bosscher et al. 2003, Antras-Ferry et al. 1997), both altering cellular AOEs
levels and thus final level of cellular ROS. A disproportion in intensity of these signals,
particularly under the chronic neuroendocrine stress, may result in a shift of cellular redox
state towards oxidation (Finkel and Holbrook 2000).

ROS are kept at physiologically optimal levels by antioxidant defense systems,
including the array of AOEs: cellular and mitochondrial superoxide dismutases (copper/zinc
(CuznSOD) and Mn?*-dependent superoxide dismutase (MnSOD)), catalase (CAT),
glutathione peroxidase (GPx) and glutathione reductase (GLR), and nonenzymatic
antioxidants such as glutathione (GSH). MnSOD and CuZnSOD convert superoxide anions to
H,O,, which is then transformed to water by CAT or by GPx. Glutathione reductase (GLR)
plays an essential role in cell defense against reactive oxygen metabolites by sustaining the
reduced status of glutathione, which reducing power is also necessary for GPx activity. An
alteration of the normal redox balance can alter cell signalling pathways in hepatocytes and

may thus be an important mechanism in mediating the pathogenesis of many liver diseases.
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Based on these presumptions in the current study we have exploited 21 days isolation
of male Wistar rat as a model of chronic neuroendocrine stressor of low CORT (Sanchez et al.
1998, Malkesman et al. 2006) to investigate liver GR, NFkB and AOEs capacity under this
conditions. The AOEs capacity was further used as indirect measure of potentially permanent
ROS disballance generated by the chronic stressor. We have also characterized these
parameters in either naive or chronically stressed animals that were challenged by 30 min
acute immobilization as a high CORT stressor (Garcia et al. 2000) that induces normal stress
response (McEwen 1998). The working hypothesis tested in this study is that chronic
psychosocial stress may permanently alter AOEs capacity in the liver and thus compromise its
ability to generate adaptive response to subsequent stressor.

Material and methods

Animal care and treatment

All experiments were performed in adult (3 months old) Wistar male rats (body mass
330-400 g), housed four per standard size cage and offered food and water ad libitum. Light
was kept on, between 07:00 am and 07:00 pm, and room temperature (RT) was kept at 20 £ 2
°C. All animal procedures were approved by the Ethical Committee for the Use of Laboratory
Animals of the VINCA Institute of Nuclear Sciences, according to the guidelines of the EU
registered Serbian Laboratory Animal Science Association (SLASA). For the purpose of the
experiment, animals were divided in four groups: group | consisted of unstressed animals
(control group); group Il animals were exposed to acute immobilization for 30 min
(immobilization stress was induced as described by Kvetnansky and Mikulaj, 1970); group 11
animals were subjected to chronic isolation stress, by housing them individually for 21 day;
group IV was exposed to chronic isolation for 21 day followed by 30 min immobilization. We
performed 3 independent measurements from 2 separate groups each consisting of five

animals (i.e. total number of animals was 10 per experimental group).

Determination of serum corticosterone and blood glucose level

Animals were sacrificed immediately after the termination of the stress procedure by
decapitation with a guillotine (Harvard-Apparatus, USA). Blood was immediately collected
and serum was prepared by 15 min centrifugation at 3000 rpm. Serum corticosterone (CORT)
level was determined using the OCTEIA Corticosterone EIA kit according to manufacturer’s

instructions (American Laboratory Products Co.). Calibrators, controls and diluted samples



were loaded on a 96-well plate coated with a polyclonal anti-CORT antibody, along with
HRP-labeled CORT. The plate was incubated overnight at 4°C, washed, and color was
developed using chromogenic substrate. The reaction was stopped by adding HCI.
Absorbance at 450 nm (reference 650 nm) was determined by microplate reader (Wallac,
VICTOR? 1420, PerkinElmer). CORT concentration (ng/ml) was determined using standard
curve, which was prepared on semi-log graph using measured values of kit calibrators, in the
concentration range of 1.7 — 176 ng/ml. To obtain concentration of CORT in each sample the
values read from the curve were multiplied by the dilution factor. Blood glucose level was

determined by Accutrend strips.

Isolation of tissue

After sacrifice, livers of animals from each group were perfused in situ, carefully
excised and kept frozen (=70 °C) until further analyses. After a swift thawing livers were
weighed and homogenized (1:4 = tissue mass:vol) in 10mM TrisHCI pH 7.4 buffer
(containing 0.32M sucrose, 5mM MgCl, and 10 mM PMSF) at 4°C, using 20 strokes of
Potter-Elvehjem homogenizer. Homogenate was lysed by ice-cold 1% Triton X-100 for 2
hours (with frequent vortexing) in the same buffer and lysate was centrifuged at 12,000rpm
for 15 min at 4 °C to obtain supernatant which was used as a whole cell extract. The protein

concentration in the samples was analysed by the method of Lowry et al. (1951).

Western blot analysis of antioxidant enzymes and transcription factors in liver

Whole cell extracts were prepared with denaturing buffer according to Laemmli
(1970), boiled for 5 min at 100 °C, and 60 g of protein were subjected to electrophoresis on
10 % sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). Subsequently, proteins were
transferred onto PVDF membrane (Immobilon-P membrane, Millipore) using a blot system
(Transblot, BioRad). The membranes were incubated in blocking buffer: phosphate buffer
saline (PBS) containing 5% milk for 1h at RT, and thereafter probed overnight at 4°C with
specific primary antibodies diluted in PBS with 2.5% milk and 0.1% Tween 20. After
washing 3 times in PBST membranes were incubated with respective secondary antibody for
2h at 4°C, washed 3 times, soaked in enhanced chemiluminescence reagent (ECL, Pierce) and
exposed to X-ray film (Agfa). Rabbit polyclonal anti-p-actin (ab8227, Abcam) was used to
detect B-actin, as a loading control, and anti-MnSOD (Stressgen), anti-CuZnSOD (Stressgen),
anti-catalase (Calbiochem), anti-GPx (Santa Cruz Biotechnology), anti-glutathione reductase

(Santa Cruz Biotechnology), anti-NFkB (Santa Cruz Biotechnology) and anti-GR (Santa Cruz



Biotechnology) were used to detect MnSOD, CuzZnSOD, CAT, GPx, GLR, NFkB and GR,
respectively. Blots were developed with the secondary goat anti-rabbit IgG-HRP conjugate.

The quantification of the blots was performed by Image J PC software analysis.

Liver antioxidant enzymatic activities

Total SOD activity was measured according to McCord and Fridovich (1969), by
following the inhibition of cytochrome c reduction. SOD activity was expressed as U/mg of
protein, where unit is defined as amount of protein that inhibits 50 % of cytochrome c
reduction. Catalase activity was determined by the method of Claiborne (1985), using H,O; as
substrate. The disappearance of H,O, was followed spectrophotometrically at 240 nm.
Catalase activity was also expressed as U/mg of protein, where 1 unit represents the amount
of protein needed for degradation of 1umol of H,O, per minute. The activity of glutathione
peroxidase was assayed at 340 nm, using t-butil hydroperoxide and GSH as substrates
according to Maral et al. (1977), and the activity was expressed as U/mg of protein.
Glutathione reductase activity was measured according to Glatzle et al. (1974) by following
the oxidation of NADPH used for reduction of GSSG, and the activity was again expressed as

U/mg of protein. For the GPx and GLR unit represents nmol NADPH per minute.

Statistical analysis of data

Data are presented as mean + SEM from 3 independent measurements of samples
obtained from 2 separate groups each consisting of five animals (i.e. total number of animals
was 10 per experimental group). For establishing significant differences data were analyzed
by the One-way ANOVA followed by the Tukey post hoc test. Values were considered
statistically significant if the p value was less than 0.05. In order to simplify presentation of
data all statistically significant differences are given as p<0.05, including p<0.01 and
p<0.001.

Results

As shown in Table 1, the acute (30 min) immobilization resulted in 4.6 fold increase
of serum corticosterone (CORT) level, accompanied by increased level of blood glucose
(GLU) (p<0.05) in respect to controls. On the contrary, chronic social isolation for 21 days
led to significant decrease of both CORT and GLU levels (Table 1, p<0.05). When the
chronically stressed animals were subsequently subjected to acute immobilization (i.e.

combined stress), serum CORT and blood GLU increased to similar levels as those observed



under acute stressor (Table 1, p<0.05) with 9.3 fold CORT increase in respect to chronically
stressed animals.

The quantification of protein expression of the Mn-superoxide dismutase and CuZn-
superoxide dismutases (MnSOD and CuzZnSOD), showed significant increase of both proteins
after acute stressor in respect to control (Fig. 1, p<0.05) which was in accordance with an
elevated total SOD enzymatic activity (Table 2, p<0.05). After chronic isolation or the
combined stress protein expression of CuZnSOD was increased (p<0.05), while MnSOD
remained unaffected (Fig. 1). Total SOD activity was also increased under both stress
conditions (Table 2, p<0.05).

Catalase (CAT) and glutathione peroxidase (GPx) also responded to 30 min
immobilization stressor with increased protein expression (Fig. 2, p<0.05), as well as, with the
respective elevation in their activity in respect to control (Table 2, p<0.05). In terms of
chronic stress, neither protein expression nor enzymatic activity of these two proteins were
altered, while after subsequent acute stressor only CAT was induced (Fig. 2, Table 2, p<0.05).
Under acute stressor, both protein expression (Fig. 2) and enzymatic activity (Table 2) of
glutathione reductase (GLR) remained unchanged. However, they were markedly decreased
by the chronic stressor (p<0.05), but significantly elevated by the combined stress (Fig. 2,
Table 2, p<0.05).

Protein expression of NFKB and GR revealed their significant induction in response to
acute stressor, with relative level of NFKB exhibiting markedly higher induction then GR
(Fig. 3, p<0.05). NFkB was also elevated, but to a lesser extent under chronic stress (p<0.05),
while GR remained unaffected (Fig. 3). Significant increase in expression of NFkB and GR

was observed again under combined stress (Fig.3, p<0.05).



Discussion

In the present study we have investigated whether chronic 21 days social isolation of
male Wistar rats alters antioxidant enzymes (AOESs) capacity in the liver, regarding both
AOEs expression and activity, and whether these alterations could be related to their
transcriptional regulators, GR and NFkB. We have also followed corticosterone (CORT) level
which triggers GR activity, as well as, glucose (GLU) level as an immediate biomarker of GR
activity in liver. We found decreased level of serum CORT and blood GLU, in chronically
isolated animals compared to the control. This finding was in accordance with observations of
other authors’ that showed hypothalamic-pituitary-adrenal (HPA) axis hypoactivity in stress
conditions caused by isolation (Sanchez et al. 1998, Malkesman et al. 2006). It is not
surprising that decreased CORT level was accompanied by the decreased blood GLU, since
this hormone is the major regulator of gluconeogenesis (Friedman et al. 1993). Moreover, we
found that the GR expression under chronic isolation was indistinguishable from the control
level, while NFkB expression was upregulated. Although NFKB elevation may result from
cytokine signalling (IL-1) (Sternberg 2006), in this situation it is more likely to be a
consequence of lack of its repression by GR (McKay and Cidlowsky 1999). Regarding the
AOEs, we observed the increased activity of CuZnSOD which was not matched with the
corresponding activity of either of the peroxidases (CAT or GPx). Such conditions might
result in accumulation of H,O, which is a known activator of NFkB pathway (Kobayashi et
al. 2008). Interestingly, we did not observe increase in MnSOD expression under the chronic
stress. The lack of response of MnSOD and the peroxidases may also be a consequence of
decreased CORT, since their expression was previously shown to be highly dependent on the
presence of glucocorticoid hormones (Jose et al. 1997). Nevertheless, the activated NFKkB and
concomitant increase in CuZnSOD might have resulted in ‘'vicious cycle' of H,0,
accumulation, perpetuating NFKB activity and CuzZnSOD expression. This assumption was
further corroborated by our finding of significant reduction in GLR level and activity, since
the expression of this enzyme is known to be inhibited by increase in H,O, (Gutierrez-Corea
and Stoppani 1997, Seo et al. 2006). In addition to that, reduced GLR may be a direct
consequence of low GLU, since GLU drives energy metabolism i.e. generation of direct GLR
substrates: NADPH and reduced GSH (Singh et al. 2008, Andreyev et al. 2005). GLR is
known to be an essential enzyme in regulation of overall homeostatic oxido-reductive balance
in any living cell, and the lack of GLR activity was previously demonstrated in numerous

clinical pathologies (Loos et al. 1976). Therefore, we concluded that chronic social isolation



led to disproportion between O," metabolizing SODs and peroxide metabolizing enzymes
(CAT, GPx) as well as GLR, thus promoting H,O, accumulation and prooxidative state in
liver.

The second question we asked in our study was if altered AOEs balance in liver, set
by the chronic stressor, may influence the adaptive response to a subsequent stressor. To
answer this question we have exploited either naive or chronically stressed animals that were
challenged by 30 min immobilization. This type of stressor was chosen due to increase in
CORT, accompanied with high GLU, which confirmed the intense GCs action in response to
immobilization. In naive animals exposed to immobilization, both GR and NFkB were
significantly induced, although NFkB was somewhat more prominently induced then GR,
compared to their respective controls. This ratio of GR vs. NFkB signals led to increase in
superoxide dismutases (MnSOD, CuzZnSOD), catalase (CAT) and glutathione peroxidase
(GPx) which implied efficient detoxification of O, and H,O, under these conditions.
Therefore our data showed that temporary ROS overproduction under immobilization, wich
was also found by other authors (Davydov and Shvets 2001, Zaidi et al. 2005, Liu et al. 1994)
could be efficiently surpassed by antioxidant defence in time frame of 30 min.

When chronically isolated Wistar rats were exposed to immobilization, as a
subsequent stressor in the combined stress model, we found that both CORT and GLU were
elevated. Compared to response of naive animals to acute immobilization, the chronically
stressed animals subjected to the same stressor, exhibited exaggerated CORT and GLU
response. Under combined stress we have found elevated levels of both TFs, similar to those
observed under acute stressor. The levels of CuZnSOD and CAT proteins/activities were
increased, thus providing ROS detoxification cascade under combined stress. However, the
levels/activities of MnSOD and GPx remained unaffected showing the lack of AOEs response
at this level. It may be of special interest to mention that GPx was not restored in spite of the
prominent increase in the level of GLR activity. However, since the amplitude of GLR
increase was much higher than under the acute stressor, it might have indicated that upon 2
fold GLU increase the system was striving to recuperate from oxido-reductive disbalance set
by the chronic isolation. Taken together, the results of the combined stress model suggested
that in spite of restored levels of CORT, GLU and TFs, the restoration of oxido-reductive
balance might have only been partial due to irreversible alterations in AOEs set by the
previous chronic stress experience.

According to currently available literature, our study is the second one providing data
which may help to understand mechanistic aspects of conversion of chronic neuroendocrine



i.e. psychosocial stress into cellular dysfunctions in the distant target tissues such as liver
(Bierhaus et al. 2003). Although partly reversible, the alterations in TFs and antioxidant
defence parameters such as those described in our study may compromise normal liver
functions or aggravate preexisting liver diseases. Also, it may be expected that the
recuperating ability of liver cells, regarding TFs signalling and antioxidant defence, might be
gradually lost provided the chronic stress is prolonged beyond their limits. Finally, our
finding may be of importance regarding the fact that most of stress-related disorders of CNS
are treated with drugs activated by the liver enzymes (Mandrioli et al. 2006). Thus, the
functional state of liver antioxidant defence mechanisms has to be taken into account if any
side effects of drug treatment potentially compromising normal liver functions are to be

avoided.
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Legends:

Fig. 1. a) Representative Western blots of Mn-superoxide dismutase (MnSOD) (left panel)
and CuZzZn-superoxide dismutases (CuzZnSOD) (right panel) in whole cell extract of liver of
stressed Wistar rats. b) Relative quantification of MnSOD and CuZnSOD protein expression
in whole cell extract obtained from 2 separate experiments each performed in triplicates. Data
are presented as mean + SEM (as described under Statistical analysis). *p<0.05.

Fig. 2. a) Representative Western blots of Catalase (CAT) (left panel), Glutathione peroxidase
(GPx) (middle panel) and Glutathione reductase (GLR) (right panel) in whole cell extract of
liver of stressed Wistar rats. b) Relative quantification of CAT, GPx and GLR protein
expression in whole cell extract obtained from 2 separate experiments each performed in
triplicates. Data are presented as mean + SEM (as described under Statistical analysis).
*p<0.05.

Fig. 3. a) Representative Western blots of Glucocorticoid receptor (GR) (left panel) and
Nuclear factor kappa B (NFkB) (right panel) in whole cell extract of liver of stressed Wistar
rats. b) Relative quantification of GR and NFkB protein expression in whole cell extract
obtained from 2 separate experiments each performed in triplicates. Data are presented as

mean £ SEM (as described under Statistical analysis). *p<0.05.
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Table 1.

Serum corticosterone (CORT) and blood glucose (GLU) in control and stressed animals in concentration
units or fold ratio

stress  control acute chronic combined acute vs. comb \./S'
control chronic
CORT 136.8+445 6269+107.1* 64.7+283* 601.2+89.7* 4.6 9.3
(ng/ml) fold
increase
GLU 57+0.8 8.1+07* 34+07%* 72+08* 1.4 2.1
(mmol/l)
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Table 2.
Antioxidant enzyme activities in control and stressed animals

control acute chronic combined
enzyme activity
(U/mg prot)
SOD 66.48 + 0.77 7793 +125* 77.04 +£2.04* 81.91+264*
Catalase 322.11 +3.98 374.71+4.42* 320.81 +5.18 384.54+ 4.85 *
GPx 36.42+1.30 42.03+1.10* 37.76 £ 1.69 38.46 +£2.30
GLR 21.35+0.62 22.69 +0.46 18.09 + 0.65 * 26.22 +0.89 *
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Figure 1
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