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A B S T R A C T   

The role and coexistence of oxidative stress (OS) and inflammation in type C hepatic encephalopathy (C HE) is a 
subject of intense debate. Under normal conditions the physiological levels of intracellular reactive oxygen 
species are controlled by the counteracting antioxidant response to maintain redox homeostasis. Our previous in- 
vivo 1H-MRS studies revealed the longitudinal impairment of the antioxidant system (ascorbate) in a bile-duct 
ligation (BDL) rat model of type C HE. 

Therefore, the aim of this work was to examine the course of central nervous system (CNS) OS and systemic 
OS, as well as to check for their co-existence with inflammation in the BDL rat model of type C HE. To this end, 
we implemented a multidisciplinary approach, including ex-vivo and in-vitro electron paramagnetic resonance 
spectroscopy (EPR) spin-trapping, which was combined with UV–Vis spectroscopy, and histological assessments. 
We hypothesized that OS and inflammation act synergistically in the pathophysiology of type C HE. 

Our findings point to an increased CNS- and systemic-OS and inflammation over the course of type C HE 
progression. In particular, an increase in the CNS OS was observed as early as 2-weeks post-BDL, while the 
systemic OS became significant at week 6 post-BDL. The CNS EPR measurements were further validated by a 
substantial accumulation of 8-Oxo-2′-deoxyguanosine (Oxo-8-dG), a marker of oxidative DNA/RNA modifica
tions on immunohistochemistry (IHC). Using IHC, we also detected increased synthesis of antioxidants, gluta
thione peroxidase 1 (GPX-1) and superoxide dismutases (i.e.Cu/ZnSOD (SOD1) and MnSOD (SOD2)), along with 
proinflammatory cytokine interleukin-6 (IL-6) in the brains of BDL rats. The presence of systemic inflammation 
was observed already at 2-weeks post-surgery. Thus, these results suggest that CNS OS is an early event in type C 
HE rat model, which seems to precede systemic OS. Finally, our results suggest that the increase in CNS OS is due 
to enhanced formation of intra- and extra-cellular ROS rather than due to reduced antioxidant capacity, and that 
OS in parallel with inflammation plays a significant role in type C HE.   

1. Introduction 

Of all the organs, the central nervous system (CNS) has the most 
intensive oxidative metabolism [1]. Under normal physiological condi
tions reactive oxygen and nitrogen species (ROS and RNS) play an 

important role in signal transduction cascades. They are also acknowl
edged for their role as crucial mediators of immune defense [2–4]. 
However, a permanent increase in ROS and RNS levels is harmful on 
cell- and tissue-homeostasis because it results in oxidative stress (OS). 

In the context of OS, it is worth mentioning that OS and inflamma
tion are strongly linked and interdependent pathophysiological 
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processes [5]. In fact, it is widely accepted that in the presence of OS, 
inflammatory processes will develop, thus further promoting the pro
gression of OS. Similarly, in the event that inflammation is the trigger, 
an OS response will be promoted and will contribute to the inflamma
tory response [4,6]. Therefore, OS is considered to be related to innate 
inflammation and seems to be a common thread among many neuro
degenerative disorders associated with cognitive deficits [7–11]. 

Under physiological conditions ROS are critical for hippocampal 
synaptic plasticity (learning and memory, including long-term potenti
ation (LTP)), but when in excess, ROS become neurotoxic leading to 
neurodegeneration, aging/disease-related impairment, and long-term 
depression (LTD) [12,13]. Among ROS, the superoxide anion (O⋅−

2 ) is 
of critical importance for biological systems. Specifically, O⋅−

2 , the pri
mary ROS generated through the mitochondrial energy production 
pathway, is involved in many cellular processes of physiological sig
nificance, including cell signaling. However, when in excess, O⋅−

2 be
comes deleterious to cellular structure and function: reduction of O⋅−

2 
leads to other, more reactive forms of ROS, such as the highly reactive 
hydroxyl radical (HO⋅). It is widely accepted that ROS are short-lived, as 
they react rapidly with first line antioxidants, that is low-molecular 
weight reductants, like glutathione (GSH) or ascorbate (Asc) [14,15]. 
Thus, in living cells, antioxidants maintain the redox homeostasis and 
keep the balance between ROS generation and elimination [16]. 

Type C hepatic encephalopathy (C HE), a severe neuropsychiatric 
disorder, arises in the setting of liver dysfunction, which is unable to 
remove toxins from the blood, including ammonia. This, in turn, results 
in elevated plasma levels of ammonium cations (NH+

4 ) and a resultant 
accumulation of glutamine (Gln) in the brain [8,17]. It is becoming 
increasingly evident that the development and acceleration of type C HE 
is a multifactorial process with OS and inflammation being important 
players in addition to the osmotic effect of Gln [18,19]. Factors involved 
in the precipitation of HE episodes such as ammonia, hyponatremia and 
inflammatory cytokines have been shown to trigger a self-amplifying 
cycle between astrocyte osmotic stress and cerebral oxidative/ni
trosative stress [20]. The presence of systemic OS has been shown in BDL 
rat [21]. In addition, an indirect detection of ROS in brain homogenates, 
using biochemical markers, unveiled a correlation between experi
mental obstructive jaundice and OS at 5- and 10-days post-BDL [22]. 
Studies carried on post-mortem brain tissue of cirrhotic and HE patients 
have indicated that OS is a hallmark of HE but not of cirrhosis itself [23]. 
However, direct evidence and impact of CNS- and systemic- OS on HE 
progression is limited. 

Circulating and brain cytokines together with endotoxins (i.e., NH+
4 ) 

can generate an inflammatory cascade that will exacerbate OS [18,20, 
24,25]. There is also evidence in support of a synergistic interaction 

between NH+
4 , ROS, RNS and inflammatory cytokines in astrocyte os

motic stress/brain edema. White blood cells (WBC), and especially 
polymorphonuclear neutrophils (PMN) participate in immune and in
flammatory processes by releasing large amounts of pro-inflammatory 
cytokines and ROS/oxidative burst. When in excess, these cause endo
thelial dysfunction and increase the leakiness of the blood 
vessels/blood-brain barrier (BBB) [2,3,9,26,27]. Clinically, it has been 
shown that systemic inflammation is associated with neuro
inflammation and contributes to acute worsening of patients with type C 
HE. Moreover, it is believed that both OS and astrocytes and microglia 
activation are implicated in the pathogenesis of type C HE [28,29]. 
Specifically, microglia activation causes an increase in OS and secretion 
of matrix metalloproteinases, which can lead to neuronal damage and 
increased BBB permeability [30]. Studies have demonstrated that severe 
PMN dysfunction was linked to cirrhosis, increasing the risk of infection, 
organ failure, and mortality in patients with cirrhosis [31]. In contrast to 
acute HE, evidence for neuroinflammation in type C HE is still 
incomplete. 

In biological systems, in-vivo steady-state concentrations of ROS exist 
in the pico-to nanomolar range [2], and their lifetimes span nanoseconds 
to seconds (e.g. O⋅−

2 lifetime is suggested to be in the μs regime), 
depending on local antioxidants concentrations and clearance mecha
nisms [14]. Naturally, this makes their direct in-vivo detection difficult 
[15]. Therefore, biological systems require probes for OS detection that 
can rapidly react with ROS to compete with antioxidants and create a 
stable radical, which then can be quantified. Most experimental assays 
to quantify ROS levels in biological systems provide relative data, which 
are usually expressed in arbitrary units (a.u.). To this end, electron 
paramagnetic resonance (EPR) in combination with spin-trapping is a 
unique analytical technique, which allows for direct and reliable 
detection of the ROS presence in the system under study. This approach 
is also less uncertain as compared to other methods (i.e.: immunoassays 
or UV–Vis spectroscopy). Thus, EPR spin-trapping provides useful in
formation concerning tissue/blood redox state and offers significant 
advantages over the other approaches. Moreover, being a technique 
yielding quantitative data, this approach shows a very strong potential 
for future clinic applications. In the present study, we used the advan
tages of the EPR spin-trapping technique, a cyclic hydroxylamine 
1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl pyrrolidine hydro
chloride (CMH) spin-trap readily reacted with cytoplasmic and mito
chondrial O⋅−

2 and generated stable nitroxide radicals, thus allowing for 
quantitative data analysis [7,32,33]. 

Our previous in-vivo 1H-MRS studies have revealed the longitudinal 
decrease of brain antioxidant Asc together with the increase in plasma 
NH+

4 and brain Gln in BDL rats [29]. Therefore, we aimed to advance our 
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understanding of type C HE by analyzing for the first time the time 
course of CNS OS and systemic OS synchronously with markers of sys
temic and local inflammation by using a multimodal approach which 
combines ex-vivo and in-vitro EPR spectroscopy with UV–Vis spectros
copy and histological assessments of the brains of BDL rats. 

2. Materials and methods 

2.1. BDL rat model of CLD 

All experiments were approved by the Committee on Animal 
Experimentation for the Canton de Vaud, Switzerland (VD3022/ 
VD2439). Wistar male adult rats (n = 51, 125–150 g, Charles River 
Laboratories, L’Arbresle, France) were used: 30 rats underwent BDL as 
previously described [34] while 21 were SHAM operated. The exact 
number of rats per measurement is provided below for each corre
sponding experiment. Animals had unlimited access to standard rat 
chow and water for the duration of study. The BDL rat model is validated 
by the ISHEN commission as a model reflecting HE associated with 
cirrhosis, portal hypertension and hyperammonemia [35]. 

2.2. Biochemical measurements 

Blood samples were taken from the sublingual vein (1 mL) before 
BDL (n = 13) and SHAM (n = 4) surgery and at post-surgery weeks 2 
(BDL: n = 20, SHAM n = 7), 4 (BDL: n = 18, SHAM n = 7), 6 (BDL: n =
16, SHAM n = 5) and 8 (BDL n = 4, SHAM n = 2). Liver parameters 
(plasma bilirubin, aspartate aminotransferase (AST/GOT) and Alanine 
Aminotransferase (ALT/GPT)) and glucose were measured using a 
Reflotron® Plus system (F. Hoffmann-La Roche Ltd). Blood NH+

4 was 
measured with a blood ammonia meter (PocketChemTM BA PA-4140). 

2.3. Electron paramagnetic resonance spectroscopy (EPR) for CNS and 
systemic OS measurements 

2.3.1. Brain tissue preparation 
Two EPR studies were performed. We have first measured the OS in 

cerebellum and hippocampus at 6-weeks post-BDL (BDL: n = 3 and 
SHAM: n = 3). Then a longitudinal study was performed only in the 
hippocampus at week 2 (BDL n = 2, SHAM n = 2), 4 (BDL n = 2, SHAM n 
= 2), 6 (total: BDL n = 5, SHAM n = 5) and 8 post-BDL (BDL n = 2, 
SHAM n = 2) to identify early changes in OS. 

Rats were pre-anesthetized with 4% isoflurane (Piramal Enterprises 
Ltd.) for 5 min followed by subcutaneous injection of the analgesic 
(Temgesic (ESSEX), 0.03 mg/mL in 0.9% NaCl). 15 min later an intra
cardiac perfusion was performed via the left ventricle with cell culture 
medium RPMI-1640 (pH 7.4, R8758 Sigma) supplemented with 10% of 
Fetal Bovine Serum (FBS, F2442 Sigma) and 1% of antibiotics (P4083 
Sigma), and vena cava dissection to wash out blood and keep the brain 
cells alive. Finally, brain extraction was completed. To preserve cell 
viability after extraction, the cerebellum and hippocampi (right and left) 
were weighed and immediately transferred into a 5 mL Eppendorf tube 
with whole RPMI-1640 medium immersed in ice. Afterwards, tissue was 
sliced into small pieces, transferred into a 2 mL syringe with whole 
RPMI-1640 medium and 10 mM CMH cell-permeable spin-trap (Noxy
gen Science Transfer & Diagnostics GmbH) and incubated at 37 ◦C. After 
each incubation time (1 h of incubation with 6 timepoints) ~50 μL of 
cell suspensions were transferred into 1.5 mm ID and 1.8 mm OD quartz 
capillary tubes (VitroCom, USA, sample height of 25 mm) and sealed 
with Leica Critoseal™ (Leica Microsystems GmbH) for further EPR 
measurements. 

2.3.2. Blood sample preparation 
Blood samples were withdrawn from the sublingual vein (1 mL) 

before BDL or SHAM surgery and post-surgery at weeks 2, 4, 6 and 8 

(BDL n = 4, SHAM n = 2, per time point). 1 mL of blood was collected 
into sterile tube pretreated with EDTA (ED2P Sigma, 1.5 mg/mL) and 
mixed with CMH spin-trap. The final CMH concentration was 10 mM. 
Prior to EPR measurements, the blood samples were incubated for 1 h, 
during which, at equal time intervals, six aliquots of ~7 μL were 
collected and transferred into 0.7 mm ID and 0.87 mm OD quartz 
capillary tubes (VitroCom, USA, sample height of 25 mm) and sealed 
with Leica Critoseal™ (Leica Microsystems GmbH). 

2.3.3. EPR measurements 
EPR spectra were collected at room temperature (RT) using an X- 

band EPR spectrometer, Model ESP300E (Bruker-BioSpin, Karlsruhe, 
Germany) equipped with a standard rectangular TE102 cavity. For each 
experimental time point of ROS detection with CMH, two-scan field- 
swept EPR spectra were recorded. The setting for brain tissue and sys
temic OS detection were: microwave frequency ~9.78 GHz, microwave 
power 2 mW, sweep width 100 G, modulation frequency 100 kHz, 
modulation amplitude 0.5 G, receiver gain 5 × 103, time constant 40.9 
ms, conversion time 81 ms. 

Spectra were evaluated and processed by OriginPro (OriginLab, 
USA). The double-integration of EPR spectra yielded the total EPR signal 
intensities of the oxidized (paramagnetic) form of the CMH spin-trap. 
The ROS generation rates were calculated from the kinetic plots of 
generated CMH radicals. The intracellular concentrations of CMH were 
converted into an absolute value (μmol/g/min or μmol/μL/min) using 
TEMPOL radical as external standard. ROS generation rates were 
calculated from EPR kinetic plots (EPR signal levels versus the elapsed 
time), normalized to the tissue weight and averaged. 

2.4. Nitroblue tetrazolium (NBT) staining – histo-enzymatic technique for 
ROS visualization 

NBT (N5514 Sigma, 1.6 mg/mL) in HBSS (H9269 Sigma) and filtered 
with a 0.22 μm filter (SLGS033SS Millipore) was applied to detect the 
extra and intracellular ROS/superoxide anion (O⋅−

2 ) generation. By 
reacting with cellular O⋅−

2 , NBT indirectly reflects the redox activity of 
living cells. The reduction product, a dark blue precipitate of formazan, 
can be monitored by microscopy and UV–Vis spectroscopy [27,36,37]. 

2.4.1. CNS oxidative stress using microscopic NBT assay 
The extracted hippocampus and cerebellum (BDL week 8 n = 3, 

SHAM week 8 n = 3) were incubated in the dark with fresh NBT at 37 ◦C 
in 5% CO2 for 0.5 h for histochemical detection of OS and then imaged 
using a stereomicroscope (MEIJI-TECHNO CO., EMZ-13TR). 

2.4.2. Systemic oxidative stress using microscopic NBT assay 
Lymphocytes (LYM) and Polymorphonuclear (PMN) cells isolation: Rats 

were pre-anesthetized with 4% isoflurane (Piramal Enterprises Ltd.) for 
5 min and subcutaneous injection of the analgesic (Temgesic (ESSEX), 
0.03 mg/mL in 0.9% NaCl) was performed 15 min before blood with
drawal. Sterile blood samples were obtained from the heart (terminal 
procedure) of BDL and SHAM rats at week 8 (n = 3 per group). Blood 
was collected into sterile syringes pretreated with EDTA (ED2P Sigma, 
1.5 mg/mL). For each isolation procedure, the same volume of anti
coagulated blood was used (7 mL) to ensure proper comparison. The 
dextran sedimentation was applied for red blood cells (RBC) removal 
and then leukocytes were separated by centrifugation on a Ficoll (GE17- 
1440-02 Sigma) layer. The remaining RBC were lysed by hypotonic 
shock. 

LYM and PMN were then resuspended in RPMI-1640 whole medium 
and allowed to adhere to Eppendorf Cell Imaging Coverglass (sterile 2 
chambers, 0030742010 Eppendorf AG) for 1 h at 37 ◦C in 5% CO2. The 
adhered cells were treated for 1 h with 150 μL of NBT (basic) or NBT 
supplemented with phorbol-12-myristate-13-acetate at 400 ng/mL 
(PMA – phagocytic cells stimulation/cytoplasmic O⋅−

2 stimulation with 

K. Pierzchala et al.                                                                                                                                                                                                                             



Free Radical Biology and Medicine 178 (2022) 295–307

298

nicotinamide adenine dinucleotide phosphate (NADPH) oxidases acti
vator)(3 replicates per cells group per rat and test type (NBT, NBT +
PMA)) to detect O⋅−

2 . The stimulation assay mimics physiological in-vivo 
activation and is performed to test for a transient decrease of respon
siveness. After incubation cells were washed twice with phosphate 
buffered saline (PBS, P5493 Sigma), air dried and methanol fixed. 
Safranin-O solution 1% (84120 Sigma) was applied to stain cell nuclei. 
The percentage of formazan-positive cells was evaluated (NBT test: BDL 
PMN ~ 600 cells, BDL LYM ~ 800 cells, SHAM PMN ~ 200 cells, SHAM 
LYM ~ 200 cells; NBT + PMA test: BDL PMN ~ 200 cells, BDL LYM ~ 
2400 cells, SHAM PMN ~ 100 cells, SHAM LYM ~ 500 cells). LYM and 
PMN were scored as: no detectable formazan (− ), scattered formazan 
granules (+), intermediate density (++), and cells filled with formazan 
(+++) [37,38]. 

2.4.3. Systemic oxidative stress UV–Vis spectroscopy using colorimetric 
NBT assay 

LYM and PMN isolated cells were seeded in 24-well culture plates to 
determine O⋅−

2 production after reaction with NBT. Both NBT and NBT 
+ PMA tests were repeated. After 1 h cells were washed twice with PBS, 
followed by methanol wash, and then air dried. The intracellular for
mazan precipitants were dissolved by adding 120 μL of 2 M KOH for 
membrane solubilization followed by 140 μL of DMSO and then shaken 
for 10 min at RT. 100 μL of solution were transferred into 96-well plate, 
and the absorbance was measured at 540 nm (Hidex Sense Beta, Hidex 
Oy). 

2.5. Systemic inflammation 

2.5.1. Blood smears 
Giemsa staining on peripheral blood smears was performed to visu

alize the LYM and PMN count and to examine cellular morphology [39]. 
Blood samples were withdrawn from the sublingual vein (100 μL) at 
week 0 before BDL and SHAM surgery (n = 4 per group) and the 
post-surgery weeks 2 (n = 8 and n = 6 per group), 4 (n = 6 per group), 6 
(n = 4 per group) and 8 (n = 3 per group), respectively. 

2.5.2. Lymphocytes and polymorphonuclear cells isolation and 
concentration assay 

LYM and PMN were isolated from blood of BDL and SHAM rats as 
described above at weeks 2 (n = 2, n = 2), 4 (n = 2, n = 2), 6 (n = 4, n =
2) and 8 (n = 6, n = 6) post-BDL, respectively. The cell-permeant Ac
ridine-Orange nucleic acid binding dye was applied to assess LYM and 
PMN concentrations. Cell counting was performed using the Luna-FL™ 
Dual Fluorescence automated cell counter. 

2.6. CNS immunohistochemistry (IHC) 

BDL rats at 4 and 8-weeks post BDL (n = 3 per group) and SHAM 
operated rats at 8-weeks post-surgery (n = 3) were deeply anesthetized 
with 4% isoflurane (Piramal Enterprises Ltd.) and subcutaneous anal
gesic was injected (Temgesic (ESSEX) (0.1 mg/kg)) before transcardial 
perfusion with PBS, pH 7.4. Brains were removed and fixed in 4% 
formaldehyde PBS solution overnight at 4 ◦C, followed by PBS wash and 
48 h cryopreservation in 30% sucrose in PBS at 4 ◦C. The optimum 
cutting temperature compound (Tissue-Tek® O.C.T. Compound) was 
used to embed tissue. Brains were sliced using a Leica-VT1200 S 
vibratome. For each rat, five different slides were analyzed (16 μm thick 
sagittal sections, distance between tissue sections ~250 μm), resulting in 
a total of 135 slides prepared. 

2.6.1. CNS oxidative stress 
Oxo-8-dG/GPX1: To determine the presence of DNA oxidation (BDL 

8-weeks post-surgery vs. SHAM) that can lead to DNA damage, muta
tions and neuronal degeneration, the mouse monoclonal Oxo-8-dG – 
Anti-DNA/RNA damage antibody [15A3](ab62623) (2 h at RT) at 1/200 

dilution with the secondary Alexa Fluor® 488-AffiniPure Goat Anti- 
Mouse IgG (Jackson ImmunoResearch Europe Ltd.) (1 h at RT) at 1/ 
200 dilution antibodies were applied. Glutathione peroxidase (intra
cellular antioxidant enzyme) was detected by anti-GPX1 Rabbit Poly
clonal Antibody (PA5-26323, Thermofisher) at 1/100 dilution (2 h at 
RT) with secondary Alexa Fluor® 594-AffiniPure Goat Anti-Mouse IgG 
(Thermofisher) (1 h at RT) at 1/500 dilution. 

SOD1/SOD2: To differentiate between Cu/ZnSOD (SOD1) and 
MnSOD (SOD2) activity (BDL at 4 and 8-weeks post-surgery vs. SHAM) 
staining with Rabbit Polyclonal SOD1 Antibody (PA5-27240, Thermo
fisher) (3 h at RT) at 1/100 dilution with secondary Alexa Fluor® 488- 
AffiniPure Goat Anti-Rabbit IgG (Thermofisher) (1 h at RT) at 1/200 
dilution antibodies followed by anti-SOD2 Mouse Monoclonal Antibody 
(2A1, LF-MA0030,Thermofisher) at 1/500 dilution (3 h at RT) with 
secondary Alexa Fluor® 594-AffiniPure Rat Anti-Mouse IgG (Jackson 
ImmunoResearch Europe Ltd.) (1 h at RT) at 1/500 dilution antibodies 
were used. 

2.6.2. Neuroinflammation 
Interleukin-6 (IL-6): Mouse monoclonal IL-6 Antibody (10 E5, 

Thermofisher) (24 h at RT) at 1/200 dilution with secondary Alexa 
Fluor® 594-AffiniPure Rat Anti-Mouse IgG (Jackson ImmunoResearch 
Europe Ltd.) (1 h at RT) at 1/500 dilution antibodies were used. 

IL-6 – UV–Vis spectroscopy: For quantitative evaluation of brain 
inflammation (BDL at 4 and 8-weeks post-surgery vs. SHAM), the IL-6 
antibody-stained brain sections underwent immunofluorescence (IF) 
using UV–Vis spectroscopy. For fluorescence signal detection the 
TC5600-microscope (MEIJI-TECHNO CO.) coupled with the Ocean HDX 
UV-VIS spectrometer (Ocean Insight, Florida, USA) and the Lab Grade 
Reflection Probe R400-7-UV-VIS were used. The fluorophore signal was 
acquired using excitation/dichroic/emission filter sets (microscope fil
ter cube from Chroma Technology Corporation (EM: ET610Ip, BS: 
ZT594rdc, EX: ET580/25)). The integration of UV–Vis spectra yielded 
the total IL-6 signal intensities . 

2.7. Microscopy data processing 

Fluorescence (for IHC) and bright field (for PMN and LYM) micro
scopy examination of tissue sections and blood samples was performed 
using a MEIJI-TECHNO TC5600 microscope. Images ware collected 
using the ×5, ×20 and ×50 objectives at the same resolution and pro
cessed with the INFINITY ANALYZE 7 software (Lumenera, Canada). For 
brain sections (Oxo-8-dG/GPX1 and SOD1/SOD2) relative quantitation 
of immunofluorescence using the mean fluorescence intensity (MFI) 
method was applied [40,41]. An average of 150 cells were examined for 
each group. 

2.8. Statistical analysis 

Data are presented as mean ± SD and % increase/decrease. For all 
measurements differences between the groups were assessed by t-Test 
(at each time point for SHAM vs BLD, longitudinal ex-vivo) or two-way 
ANOVA (SHAM vs BLD, longitudinal in-vitro) and one-way Anova with 
post-hoc Tukey HSD (longitudinal within the group and multiple groups 
comparison - SHAM vs BDL w4 vs BDL w8). For all the presented results 
the corresponding statistical test is additionally stated in the figure 
caption. 

Pearson correlation analysis was performed using the mean values 
for each corresponding time point to test the correlations between our 
previously acquired longitudinal hippocampus metabolites by in-vivo 
1H-MRS (Gln and Asc) [29] and the following variables: oxidative stress 
markers and NH+

4 blood values in a BDL rat model of type C HE. 
Results having p < 0.05 were considered as significant. Significance 

level in all tests was attributed as follows: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. Statistical analyses were performed using 
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OriginPro (OriginLab,USA). 

3. Results 

3.1. Chronic liver disease: biochemical measurements 

The presence of chronic liver disease (CLD) was confirmed using 
blood biochemical measurements. In agreement with our previous work, 
we observed an early increase in blood NH+

4 , and plasma bilirubin and 
liver function tests (aspartate aminotransferase (AST/GOT) and alanine 
aminotransferase (ALT/GPT)) already at 2-weeks post-BDL (Fig. 1) as 
well as significant decrease of the blood glucose level over the course of 
disease development (Fig. 1), in agreement with our previous work [29, 
42,43]. BDL rats also presented clinical signs of chronic liver disease 
such as jaundice and an enlarged and nodular liver [35]. 

3.2. Oxidative stress in type C HE 

3.2.1. EPR measurements 
The release of intracellular O⋅−

2 was evaluated and quantified using 
the EPR CMH cell-permeable and non-toxic spin probe on in-vitro blood 
and ex-vivo hippocampus and cerebellum samples. 

3.2.2. CNS OS 
For SHAM operated animals, EPR revealed a significant difference in 

redox state between hippocampus and cerebellum (~31%, p < 0.004, 6- 
weeks post-surgery) (Fig. 2A). However, the relative OS increase in BDL 
rats at week 6 vs. SHAM was similar for both brain regions~42% (p <
0.01) (hippocampus 103.6 ± 19.1 μmol/g/min (L + R m = 0.142 ± 0.01 
g) vs. 73.5 ± 16.3 μmol/g/min (L + R m = 0.175 ± 0.03 g), and cere
bellum 136.8 ± 22.7 μmol/g/min (m = 0.290 ± 0.02 g) vs. 96.2 ± 27.4 
μmol/g/min (m = 0.298 ± 0.02 g), respectively). In the hippocampus 
the longitudinal EPR measurements showed a significant increase of 
intracellular O⋅−

2 starting at 2-weeks post-BDL (+63%, p < 0.01) which 
continued to increase till week 8. Additionally, we observed a trend of 
intracellular O⋅−

2 increase in SHAM rats. 

3.2.3. Systemic OS 
Two weeks post-BDL and SHAM surgery a non-significant increase of 

blood OS was observed in both groups (Fig. 2B). At 4-weeks post-surgery 
the SHAM peripheral OS stabilized, reaching the value from before the 
SHAM surgery. In BDL rats the systemic OS continued to rise (week 4 +
26%, NS) reaching a significant increase at week 6 (+42%, p < 0.01) and 
week 8 (+60%, p < 0.01) post-BDL. 

3.2.4. Correlations 
As expected, the substantial increase of hippocampal OS in BDL rats 

correlated significantly with the increase in blood NH+
4 (p = 0.01) and 

brain Gln (p = 0.001) as well as with the decline of brain Asc (p = 0.003) 
concentrations (Fig. 2A, below). Similarly, we observed a significant 
correlation between the systemic OS and blood NH+

4 (p = 0.005) con
centration (Fig. 2B). 

3.3. NBT staining: qualitative histo-enzymatic CNS OS 
visualization 

The purple formazan precipitate was present in both SHAM and BDL 
reflecting the high oxidative status of brain tissue at 8-weeks post- 
surgery (Fig. 2C). However, formazan precipitation was greater in the 
hippocampus and cerebellar granular and molecular cell layer, dentate 
nucleus (DN), white matter (WM) tracts of fimbria hippocampi (FH), 
and cerebellum of BDL rats suggesting increased O⋅−

2 activity in these 
areas (Fig. 2C). 

3.3.1. Systemic OS using conventional microscopic NBT assay 
Using a conventional microscopic NBT assay we were able to 

calculate the percentage of NBT-positive PMN and LYM cells at their 
basic state and after stimulation with PMA at 8-weeks post-surgery 
(Fig. 3A, Table 1). 23% and 1.2% of BDL PMN and LYM were classi
fied as (+++) respectively. None of the SHAM PMN and LYM were 
(+++). PMA stimulation revealed a strong percentage increase of 
(+++) positive PMN BDL ~ 89% vs. SHAM ~56% and LYM BDL ~45% 
vs. SHAM ~26% cells (Fig. 3A). 

3.3.2. Systemic OS using UV–Vis spectroscopy – colorimetric NBT assay 
The colorimetric NBT assay was used to determine the ability of 

freshly isolated PMN and LYM cells to produce O⋅−
2 at 8-weeks post- 

surgery (Fig. 3B). Production of O⋅−
2 increased significantly in BDL rats 

(PMNs ~300%, p = 0.001, LYM ~112%, p = 0.006) and was related to 
the increase of PMN and LYM cells count as well as to the significantly 
higher resting oxidative burst, as determined by abovementioned 
microscopic NBT assay. The PMA stimulation assay revealed decreased 
responsiveness of BDL PMN with a relative change of 43.4% vs. non 
stimuated ones (p = 0.005), while the SHAM stimulated PMN demon
strated ~136% increase vs. non stimulated (p = 0.001)(Fig. 3B, 
Table 2). A different trend was observed for the BDL stimulated LYM, 
althought non significant (p = 0.6), an increased reactiveness was 
detected with a relative change of ~33%, whereas the SHAM LYM 
increased by only ~14% (p = 0.5)(Fig. 3B). 

3.3.3. LYM and PMN isolation and concentration assay for systemic 
inflammation measurement 

Leukocytosis was revealed using Acridine-Orange stained nuclei of 
LYM and PMN. A +215% increase in LYM (p < 0.001) and a +41% 
increase in PMN (p < 0.01) was observed already 2-weeks post-BDL as 
compared to the control SHAM rats at the same age, and continued to 

Fig. 1. Longitudinal changes in total plasma bilirubin, GOT and GPT, blood NH+
4 and glucose induced by bile duct ligation (BDL). Bilirubin was non-measurable 

before BDL. Data are presented as mean ± SD and statistical significance between week 0 and weeks 2–8: *p < 0.05, **p < 0.01, ***p < 0.001(One-way Anova 
with post-hoc Tukey HSD). 
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Fig. 2. Evolution of CNS OS. A) Longitudinal OS 
detection in the hippocampus from week 2 to 8-weeks 
post-BDL and in the cerebellum at week 6 post-BDL. 
The physiological pattern of age-related increase 
CNS redox state in SHAM rats [44]. B) Longitudinal 
evolution of systemic OS, from week 0 (before BDL) to 
8-weeks post-BDL. Pearson correlations show a very 
strong correlation between the blood ammonia con
centration and the ROS generation rate in hippo
campus and blood. C) Photographs of representative 
NBT histochemical staining at week 8 post- SHAM 
and BDL surgery: O⋅−

2 indirect detection. Formazan 
accumulation shows an increased ROS level in hip
pocampus and cerebellum: granular (+) and molec
ular (*) cell layer, dentate nucleus (DN) as well as in 
the white matter (WM) structures of cerebellum and 
hippocampus (FH – fimbria hippacampi). Data are 
presented as mean ± SD and statistical significance A) 
t-Test, B) Two-way Anova: *p < 0.05, **p < 0.01, 
***p < 0.001.   

Fig. 3. A) Detection of superoxide anion (O⋅−
2 ) formation using the microscopic NBT assay at 8-weeks post-surgery. Production of O⋅−

2 was evaluated and percentage 
of formazan-positive cells was determined. Cells are scored as: no detectable formazan (− ), scattered formazan granules (+), intermediate density (++), and cells 
filled with formazan (+++) (Tab.1) B) Absorbance of dissolved formazan: measurements of intracellular O⋅−

2 production using the colorimetric NBT assay at 8-weeks 
post-surgery in the absence and presence of stimulant at the actual PMN and LYM concentrations (Tab.2). In both assays’ cells were stimulated with 400 ng/mL of 
PMA for 1 h at 37 ◦C. 

Table 1 
NBT staining-derived levels of ROS.   

Without stimulation PMA stimulation 

– + ++ +++ – + ++ +++

BDL PMN 10.4% 35.2% 31.4% 23% – – 11% 89% 
SHAM PMN 2.4% 87% 10.6% – 11.9% 5.1% 27% 56% 
BDL LYM 40.5% 51.6% 6.7% 1.2% 16.2% 20.5% 18.6% 44.7% 
SHAM LYM 39.1% 60.9% – – 7.5% 33.5% 33.1% 25.9%  
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increase over the course of the study. A slightly elevated number of WBC 
was observed in the SHAM rats up to week 4 post SHAM surgery, 
compatible with surgery-induced inflammation. At 6-weeks post SHAM 
surgery the benign peripheral inflammation disappeared and the WBC 
count decreased (Fig. 4 A,C). 

PMN morphology was examined on peripheral blood smears using 
Giemsa staining. PMN swelling, a sign of impaired phagocytosis and 
increased prevalence of spontaneous oxidative-burst was detected as 
early as 2-weeks post-BDL (+12%, p < 0.05)(Fig. 4 B,D). An increase of 
PMN count per field of view was also seen in the Giemsa stained smears 
(Fig. 4D). Hypersegmented neutrophils were observed already 2-weeks 
post-BDL surgery (Fig. 4E). 

3.4. CNS immunohistochemistry 

3.4.1. OS detection 
We investigated the accumulation of Oxo-8-dG as a marker of DNA/ 

RNA oxidation [45–47]. The immunofluorescent staining was of pre
dominant cytoplasmic localization suggesting that the oxidative modi
fications affected mitochondrial and cytosolic nucleic acids rather than 
nuclear DNA. Compared to SHAM rats, the BDL rats exhibited a strong 
increase in Oxo-8-dG immunoreactivity in the hippocampus granular 
layer (stratum granulosum (SG): dentate gyrus (DG) and hilus (H),and 
CA1,CA2 and CA3) (Fig. 5A), and cerebellar in granular and Purkinje 
cells layers (Fig. 5B). Increased numbers of Oxo-8-dG positive cells was 
also observed in the dentate nucleus (DN) of cerebellum (Fig. 5C). 
Quantitative immunofluorescence of DNA oxidation revealed a signifi
cant (p = 0.001) increase of Oxo-8-dG accumulation in both hippo
campus (granular layer + 214%, hilus +153%) and cerebellum 
(Purkinje cells +175%, granular cells +177% and DN +73%) (Fig. 5D). 

GPX-1 showed a similar trend to Oxo-8-dG. BDL rats exhibited a 
significantly increased (p = 0.001) synthesis of GPX-1 in the cerebellar 
granular (+85%) and Purkinje cells layer (+92%)(Fig. 5B), and in the 
DN (97%)(Fig. 5C). A significant increase (p = 0.001) of GPX-1 synthesis 
was also present in the hippocampus (~95%)(Fig. 5A). 

The OS driven regulation of SOD1 and SOD2 revealed an increased 
immunoreactivity of both antioxidants. In response to OS, SOD1 local
ization changed from predominantly cytoplasmic to almost prominently 
nuclear in all brain regions (hippocampus, cerebellum, striatum, thal
amus and cortex)(Fig. 6A–E). Quantitative analysis of immunofluores
cence showed significant increase of SOD1 and SOD2 (p = 0.001) 
expression in BDL rats in response to elevated endogenous and exoge
nous ROS (Fig. 6F). The immunofluorescence of SOD1 and SOD2 
increased already at week 4 in hippocampus (granular layer: SOD1 
+87%, SOD2 +13%; hilus: SOD1 +165%, SOD2 +5%), cerebellum (Pj 
cells: SOD1 +114%, SOD2 +42%, granular cells: SOD1 +34%, SOD2 
+7%), cortex (SOD1 +100%, SOD2 +23%) and striatum (SOD1 +66%, 
SOD2 +44%). A similar trend was observed in the thalamus for SOD1 
(+74%) while SOD2 increased significantly at week 8 post-BDL (+41%). 
At week 8 post-BDL SOD1 and SOD2 continued to increase in the hip
pocampus, cortex, striatum and thalamus, while in the cerebellum a 
decrease vs. week 4 was observed (Pj cells: SOD1 -9%, SOD2 -5%, 

granule cells: SOD1 -13.5%, SOD2 -13%). 

3.4.2. Neuroinflammation 
Brain sections of SHAM rats showed a weak immunofluorescence 

staining for IL-6. In contrast, the sections of BDL rat brains displayed a 
significant increase in IL-6 immunofluorescence in all brain regions 
(Fig. 7A–E). Immunolabeling (Fig. 7A–E) followed by UV–Vis spectros
copy of immunofluorescence revealed a statistically significant signal 
increase already at 4-weeks post-BDL (cerebellum +111%, hippocampus 
+40%, cortex +80%, thalamus +197% (p = 0.001) and striatum +35%: 
(p = 0.01)) corresponding to the accumulation of IL-6 (Fig. 7. A′-E′). 
These levels declined over time but remained higher than those of 
SHAM. Conversely, the hippocampus displayed a sustained increase in 
IL-6 signal between week 4 and week 8 post-BDL (+108%). 

Cytoplasmic localization of SOD1 – arrow, translocation of SOD1 
into nuclei – arrowhead. SOD2 concentration: low – arrowhead and 
increased – arrow. Scale bars: 250 μm for lower and 50 μm for higher 
magnification. Data are presented as mean ± SD and statistical signifi
cance (One-way Anova with post-hoc Tukey HSD): *p < 0.05, **p <
0.01, ***p < 0.001. 

4. Discussion 

Despite significant progress in understanding the mechanisms of 
type C HE, the mutual contributions of OS and inflammation in the 
pathophysiological cascade of type C HE are still unclear. To the best of 
our knowledge, this is the first study analyzing in a longitudinal fashion 
markers of CNS- and systemic- OS together with markers of inflamma
tion in a rat model of type C HE by combining the experimental ad
vantages of ex-vivo and in-vitro EPR detection of ROS, 
immunohistochemistry, and NBT staining. BDL rats showed increased 
CNS and systemic OS together with increased CNS and systemic in
flammatory markers when compared to SHAM animals. Our results 
suggest that the increase of OS is due to enhanced formation of intra- and 
extra-cellular ROS rather than secondary to reduced antioxidant 
capacity. 

In the present study, a significantly elevated O⋅−
2 production in the 

hippocampus, cerebellum, and blood of BDL rats was detected by EPR 
spectroscopy. This observation was confirmed by increased NBT stain
ing, together with an overexpression of SODs, GPX-1, and Oxo-8-dG, in 
several brain regions of BDL rats. Importantly, the increase in systemic 
OS reached significance only 6-weeks post-BDL, while the increase in 
hippocampal OS became significant already after 2-weeks post-BDL. The 
elevated O⋅−

2 production and overexpression of SODs in brains of BDL 
rats may lead to an increase of H2O2 concentrations having a negative 
impact on LTP [12,48,49]. An increased activity of SOD2 enzyme 
(k ∼ 2× 109 M− 1s− 1, pH = 7.4) could decrease EPR detection of O⋅−

2 
concentrations through competing mechanisms with CMH spin-trap 
(k ∼ 103 ÷ 104 M− 1s− 1, pH = 7.4) [33]. We can therefore hypothesize 
that the O⋅−

2 concentrations in brain tissue of BDL rats could be even 
higher than reported here. Additionally, a pattern of intracellular O⋅−

2 
increase in SHAM rats was also observed, which confirms a substantial 
increase of OS with age [44,50]. 

The present results could explain our previously measured Asc 
decline in the hippocampus of BDL rats by in-vivo and longitudinal 1H- 
MRS [29]. In the present study, we showed a strong negative correlation 
between the increase of O⋅−

2 and decrease of Asc concentrations in the 
brains of BDL rats. We therefore suggest that the mechanism may be 
through an adaptive, increased ROS scavenging in response to increased 
production. Asc donates a hydrogen atom to reduce toxic ROS (like O⋅−

2 
OH⋅, as well as organic (RO2) and nitrogen (NO⋅

2) oxyradicals) and forms 
the ascorbyl radical and dehydroascorbic acid. However, in the presence 
of iron, copper and manganese ions Asc can act as a prooxidant and 
therefore contribute to ROS formation by enhancing ion reduction 
through the Fenton reaction, which may generate additional lipid, 

Table 2 
NBT colorimetric assay derived levels of ROS.   

BDL SHAM 

PMN 
2.2 × 106 

± 0.9 ×
106 cells/ 
mL 

LYM 
3.2 × 106 

± 1.9 ×
106 cells/ 
mL 

PMN 
0.8 × 105 

± 0.3 ×
105 cells/ 
mL 

LYM 
1.7 × 105±

0.9 × 105 

cells/mL 

OD540nm No 
stimulus 

3.62 ±
0.98 

5 ± 1.51 0.9 ± 0.36 2.36 ±
0.22 

PMA 400 
ng/mL 

5.2 ± 1.5 6.63 ± 1.7 2.12 ± 0.2 2.68 ±
0.75 

Relative % change 43.4 32.6 135.5 13.7  
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protein and RNA/DNA oxidation [51–53]. Furthermore, increased levels 
of ROS and especially interaction of the HO⋅ with a nucleobase, such as 
guanine, can result in significantly increased formation of Oxo-8-dG as 
shown herein in the hippocampus and cerebellum of BDL rats. 

NBT staining was suggestive of increased O⋅−
2 production in the 

following anatomical regions: hippocampus, cerebellar granular and 
molecular cell layer, DN and WM tracts, FH structures and cerebellum. 

The FH white matter tracts constitute the major channel for subcortical 
connections of the limbic system which is associated with learning, 
memory and social behavior [54]. The cerebellum controls various 
motor activities in the brain, including the range, distance, and ampli
tude of voluntary muscles activity [55]. Our study revealed also that 
cerebellum, at its basic level, produces higher amount of ROS than 
hippocampus and, therefore one can speculate it to be more susceptible 

Fig. 4. A) Acridine-Orange stained nuclei of LYM and 
PMN shows significant increase of cells number in the 
same volume (20 μL). B) Giemsa staining revealed 
disease-induced increase of PMN cell size. C) In
flammatory cells count (LYM and PMN, Acridine- 
Orange staining). D) Giemsa stain: longitudinal 
visualization of the LYM and PMN count increase 
(scale bars: BDL and SHAM top rows 50 μm, BDL and 
SHAM bottom rows 25 μm). E) BDL neutrophils 
hypersegmentation (scale bar 10 μm). Data are pre
sented as mean ± SD and statistical significance (t- 
Test): *p < 0.05, **p < 0.01, ***p < 0.001. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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to OS [56]. 
Type C HE is characterized by deficits in cognitive, psychiatric, and 

motor function [68]. Therefore, the elevated OS in cerebellum and 
hippocampus suggest that ROS may play an important role in brain 
functions disruption, and thereby provide a further link between disease 
progression and cognitive decline in type C HE patients. 

Elevated levels of SODs were observed in the present study in 
response to increased endogenous and exogenous O⋅−

2 . SOD1, being 
mostly located in the cytosol, has an important function in oxidative 
signaling and genomic DNA protection, and in presence of elevated 
intracellular O⋅−

2 levels relocates into the nucleus [57]. Our findings 
showed SOD1 nuclear translocation already at week 4 post-BDL as well 
as a significant increase in SOD1 synthesis in all brain regions. SOD2, 
located within the mitochondrial matrix (MM), the main source of ROS 
production from the electron transport chain (ETC), catalyzes O⋅−

2 into 
less reactive H2O2, preventing O⋅−

2 augmentation [58]. An upregulation 

of SOD2 in all brain regions is a direct evidence of increased need to 
eradicate ROS. Together, increased levels of O⋅−

2 and overexpression of 
SODs lead to an increased production of H2O2, and therefore a signifi
cant GPX-1 activity increase to detoxify H2O2 into water, something we 
observed in both hippocampus and cerebellum. These results highlight 
the importance of a synergistic relation between SODs and GPX-1 while 
dealing with increased OS. 

It is well known that inflammation is associated with OS [4,59]. 
Under inflammatory conditions, SOD2 upregulation works as a switch to 
control microglial activation/inactivation [60]. We observed a signifi
cant accumulation of IL-6 in all brain regions of BDL rats already at 
4-weeks post-surgery together with the presence of systemic inflam
mation already at 2-weeks post-BDL. IL-6 is a pleiotropic inflammatory 
cytokine which is expressed in both glial and neuronal cells and is 
implicated in the injury response of the CNS [61]. An elevated expres
sion of IL-6 has been found in activated microglia and astrocytes, and 

Fig. 5. Representative micrographs showing immu
nostaining with Oxo-8-dG (green) and GPX-1 (red) 
positive neurons of A) hippocampus (top row scale 
bar: 500 μm), B) cerebellum folia and C) cerebellar 
DN. D) The quantitative analyses in terms of the in
tensity of fluorescence of Oxo-8-dG and GPX-1 show 
increased levels of oxidative damage in hippocampal 
and cerebellar neurons of BDL rats. Scale bars: 250 
μm for lower and 50 μm for higher magnification. 
Data are presented as mean ± SD and statistical sig
nificance (t-Test): *p < 0.05, **p < 0.01, ***p <
0.001. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web 
version of this article.)   
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can induce the proinflammatory cascade, as well as increased produc
tion of ROS [4,11,61–64]. In addition, IL-6 has also a complex role in 
regulating cognitive function. Mice with raised brain IL-6 displayed 
impaired cognition ability, learning loss, abnormal anxiety and abated 
social interactions [65,66]. Furthermore, ex-vivo studies of cerebral 
micro-vessels exposed to elevated concentrations of IL-6 have shown a 
significant impairment of the blood-brain barrier integrity [67]. 
Therefore, significant increase of IL-6 may compromise the CNS ho
meostasis, allow entry of neurotoxic components, and alter neuronal 
function. 

Leukocytosis is a hallmark of systemic inflammation and an indirect 
sign of OS [69]. In this study, systemic inflammation was characterized 
by a significant increase in inflammatory cells already 2-weeks post-BDL 
surgery. A similar increase of leukocytes counts has been observed in HE 
patients, associated with an increased risk of mortality [70,71]. 
Ammonia and inflammation act synergistically to amplify OS in 

peripheral immune cells, which may explain the trend of increase in 
systemic OS at week 4 post-BDL surgery. It has been shown that neu
trophils and lymphocytes co-exist at sites of chronic inflammation [72]. 
The immunological response and the oxidative metabolism of phago
cytic cells increases resulting in a respiratory burst, and as a conse
quence enhances the release of ROS at the inflammatory site. Excess or 
dysregulation of production rate of ROS, may advance tissue injury and 
immunopathology [73,74]. 

The observed hyper-segmentation of neutrophils can be a hallmark 
of neutrophilia associated with chronic inflammation [75–79]. It has 
been shown that ammonium induces PMN swelling, in agreement with 
our findings, suggesting the presence of impaired phagocytosis and 
increasing prevalence of spontaneous oxidative burst [80,81]. NBT 
stained PMN and LYM indirectly provided information about the dif
ferential contribution of WBC in the ROS generation. In addition, NBT 
assay was used to determine the percentage of PMN and LYM that 

Fig. 6. Representative micrograph showing immu
nostaining with SOD1 (green) and SOD2 (red) posi
tive cells. ROS-induced SOD1 translocation into 
nuclear localization in all brain regions as well as 
increased expression of both SOD1 and SOD2. A) 
cerebellum folia, B) hippocampus (H – hilus, SG - 
stratum granulosum), C) cortex, D) thalamus and E) 
striatum. F) The quantitative analyses in terms of the 
fluorescence intensity of SOD1 and SOD2 show sig
nificant increase of antioxidants expression. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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Fig. 7. Representative micrographs showing immunofluorescence staining of IL-6 (red). A) cerebellum folia, B) hippocampus, C) cortex, D) thalamus and E) 
striatum. IL-6 immunofluorescence intensity A′-E’. Scale bar: 50 μm. Data are presented as mean ± SD and statistical significance (One-way Anova with post-hoc 
Tukey HSD): *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

K. Pierzchala et al.                                                                                                                                                                                                                             



Free Radical Biology and Medicine 178 (2022) 295–307

306

produce ROS without and with stimulation. Our results showed that the 
quantity of formazan precipitants in PMN and LYM corroborated 
strongly with the activation state of these cells and demonstrated a 
significantly larger amount of O⋅−

2 production in BDL PMN and LYM as 
compared to the healthy SHAM controls. Moreover, a strong positive 
relation was observed between the conventional microscopic assay and 
the colorimetric NBT assay. PMN and LYM of BDL rats at 8-weeks 
post-surgery had significantly higher resting oxidative burst than the 
PMN and LYM of SHAM rats, suggesting their activation. Stimulation 
with PMA triggered an increase of oxidative burst of both BDL and 
SHAM WBC. However, the PMN of SHAM rats had a significantly 
stronger response to the stimuli compared to baseline. Stimulated LYM 
demonstrated a different behavior: the spontaneous oxidative burst of 
the BDL LYM was higher than that observed in SHAM. These results 
show an important role of an increased O⋅−

2 production by peripheral 
PMN and LYM on their functions and concur with the previous studies 
indicating that continuous neutrophil activation cause 
hypo-responsivity, which in turn may result in increased infection rate, 
organ failure and mortality [31]. 

5. Conclusions 

Our study showed, for the first time, the concomitant and longitu
dinal presence of CNS- and systemic- OS together with inflammation in a 
rat model of type C HE. The OS results obtained by EPR were confirmed 
by immunohistochemistry and NBT staining. Our findings suggest that 
an increase in OS is due to enhanced formation of intra- and extra- 
cellular ROS rather than to reduced antioxidant performance. OS is 
one of the major pathways driving neurodegeneration. Therefore, CNS- 
and systemic- OS, together with inflammation, may strongly contribute 
to HE pathogenesis. Better understanding of these processes is essential 
to propose neuroprotective strategies that will create a new avenue of 
treatment of HE patients and improve the long-term cognitive outcome. 
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