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Abstract
Introduction and Objective. Compared to the general population, patients with end-stage renal disease (ESRD) are more 
likely to have neurological conditions, such as memory impairments. It is thought that the cognitive impairment may affect 
30% – 80% of patients with ESRD. Patients on haemodialysis are especially vulnerable to the biological effects of uraemic 
toxins. It has been suggested that one of the uraemic toxins most likely to affect cognitive function in patients with ESRD 
is indoxyl sulfate (IS). The aim of the study is to investigate the potential effect of IS on memory consolidation.�  
Materials and Method. Adult male Swiss mice were used in the study. Memory consolidation was assessed in the step-
through passive avoidance test. Indoxyl sulfate potassium salt (IS) and scopolamine hydrobromide (SCO) were employed 
in the experiments. IS (200, 400 mg/kg) and SCO (1 mg/kg) were given intraperitoneally (i.p.). Each drug was administered 
as a single injection. Additionally, acetylcholinesterase (AChE) activity was determined in the brain following applied drug 
treatments.�  
Results. IS administration (200 and 400 mg/kg i.p.) alone and in combination with SCO (1 mg/kg i.p.) did not affect memory 
consolidation in the passive avoidance test. Exposure to IS did not significantly alter the activity of AChE in the brain tissue. 
Conclusions. This study shows that acute exposure to IS does not impair memory consolidation in mice. Chronic exposure 
to IS in animals is necessary to obtain additional information concerning the toxin’s effects on memory consolidation.
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INTRODUCTION

A frequent complication of chronic kidney disease (CKD) is 
cognitive impairment, which can range from mild deficits 
in the early stages to more serious disorders, such as mild 
cognitive impairment and dementia in the later stages [1]. 
Contributing variables encompass uraemic toxins, structural 
alterations in the brain, disruption of the blood-brain barrier 
(BBB), anaemia, and comorbidities such as diabetes mellitus 
[1]. Thirty to eighty percent of patients with end-stage renal 
disease (ESRD) may have cognitive impairment [2]. The 
accumulation of uraemic toxins due to renal failure is 
believed to significantly contribute to cognitive impairment 
[3]. Indoxyl sulfate (IS) has been proposed as a uraemic toxin 
belonging to groups of the toxins which impair cognitive 
function in patients with CKD [3–5]. Poor executive skills in 
CKD patients have been linked to elevated serum IS levels [6]. 
It has also been suggested that higher levels of IS may cause 
more severe cerebrovascular lesions, which could impair 
patients’ cognitive function [6]. A direct toxic effect on brain 
neuronal cells is another potential mechanism [6]. Preclinical 
investigations have already demonstrated that IS can induce 
direct neurotoxicity in vitro [7], and its administration 

correlated with impaired cognitive performance in a rat 
model of CKD [8, 9]. This cognitive impairment in rodents 
with CKD is associated with BBB disruption, linked to 
activation of aryl hydrocarbon receptor (AhR) by IS [8].

CKD and Alzheimer’s disease (AD) are two common 
and devastating disorders that frequently coexist [10]. 
Although epidemiological and clinical studies show that 
CKD is a significant and independent risk factor for 
cognitive impairment [11], its involvement in the progression 
of Alzheimer’s disease (AD) remains uncertain. The first 
evidence in this respect was provided by the work of Nakagawa 
et al. [12]. In a mouse model of AD, they demonstrated that 
CKD itself considerably accelerates the cognitive decline. 
In general, it has been proposed that CKD contributes to 
the development of cognitive impairment and AD through 
uraemic toxin accumulation, blood pressure elevation, renin-
angiotensin system over-activation, erythropoietin deficiency, 
disruption of 1,25-dihydroxyvitamin D production, and 
microvascular dysfunction [13].

OBJECTIVE

It is still unclear how uraemic toxins could contribute to 
the progression of AD. The aim of the study is to examine 
the effect of IS in scopolamine (SCO)-induced amnesia, 
which is a well-established animal model for investigating 
the underlying processes and therapy of cognitive decline 
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in neurodegenerative illnesses [14]. As an animal model of 
AD, the SCO-evoked memory impairment in the passive 
avoidance task was used [15]. SCO is an anticholinergic drug 
that can cause impairments in the processes of memory 
acquisition and consolidation in the passive avoidance test 
by blocking the muscarinic cholinergic receptors (M1 and 
M2) [15]. The present study focuses on evaluating memory 
consolidation in this test.

MATERIALS AND METHOD

Animals. The study used adult male Swiss mice weighing 
22–30 g, obtained from a licensed dealer (J. Kolacz, Warsaw, 
Poland). Animals were housed in laboratory cages under 
standardized laboratory settings, including a 12-hour light-
dark cycle, room temperature of 22 ± 2 °C, and relative 
humidity of 50–60%. Food pellets and tap water were freely 
available. The animals were divided into experimental groups 
of eight at random, and each mouse was utilised once during 
the tests. Every experimental procedure conformed with EU 
Directive 2010/63/EU for animal studies and was approved 
by the Local Ethics Committee (License No. 46/2019).

Drugs. Scopolamine hydrobromide (SCO) and indoxyl 
sulfate potassium salt (IS) were acquired from Sigma-Aldrich. 
IS (200–400  mg/kg) was dissolved in phosphate buffered 
saline (PBS) and administered intraperitoneally (i.p.) as 
single injections at the volume of 10 ml/kg body weight. 
Similarly, SCO (1 mg/kg) was administered i.p. acutely. It 
was dissolved in regular saline (0.9% NaCl) and injected at 
the volume of 10 ml/kg body wt. IS was given in doses that 
did not cause histopathological alterations in the brains of 
the mice [7].

Passive avoidance task. To evaluate the impact of IS and 
SCO on memory consolidation in animals, a single-trial step-
through passive avoidance test was employed. On the first 
day (training day), mice were placed separately in a lighted 
box (12 × 20 × 15 cm) adjacent to a darkened compartment 
(24 × 20 × 15  cm) that had a generator-connected electric 
grid floor. At floor level, a 4 × 7 cm doorway was positioned 
in the middle of a shared wall. Each mouse was subjected 
to an electric shock of 0.3 mA administered to a foot for 
3  s after entering the darkened compartmen. During this 
trial, latency each mouse (time to enter the dark box) was 
recorded. After receiving the electric foot shock, animals were 
removed from the dark box and administered with drugs. IS 
and SCO were injected either separately or in combination. 
SCO (1  mg/kg) was given immediately after the shock 
while IS (200–400 mg/kg) was administered 20 min later. 
Twenty-four hours later, the same mice (without treatment 
this time) were brought to the illuminated box in order to 
perform a retention test (the latency of entering the darkened 
compartment was measured again). The experiment ended 
when the mouse entered the darkened compartment or after 
300 s of observation. The mice that stayed out of the dark box 
for 300 s were thought to remember the task.

Acetylcholinesterase (AChE) activity in the brain. The 
modified version of Ellman’s colorimetric approach was used 
to detect AChE activity [16]. After completing the passive 
avoidance test, the brains of the decapitated animals were 

removed and put in a deep freezer set at -80 °C. The next 
day, after taking the mouse brains out of the deep freezer, 
they were washed, rinsed with cooled phosphate buffer (pH 
7.8), dried, and weighed. The fresh, unfrozen tissue was 
homogenised in ice-cold 0.05 M sodium phosphate buffer (pH 
7.8) at a ratio of 1 g of tissue to 5 ml. After adding an aliquot of 
50 µl homogenate to a 20 ml buffer containing 5.5 dithiobis-
2-nitro-benzoic acid-DTNB (10  mg/100 ml), 4 ml of the 
sample was utilised to assess AChE activity. At the beginning 
of the test, 50 μl of 20 mM propionylthiocholine iodide 
(PTC) was added to the samples. PTC was broken down by 
AChE to produce thiocholine, which subsequently combined 
with DTNB to generate yellow 5-thio-2-nitrobenzoate. The 
materials were then centrifuged for 5 min at 1,850 g. A Bio-
Tek ELx800 microplate reader with a wavelength of 412 nm 
was used to measure changes in absorbance that were directly 
related to AChE activity.

Statistics. The results from the training day of the passive 
avoidance task were analyzed with one-way ANOVA. The 
retention test data were compared using Kruskal-Wallis non-
parametric ANOVA. The activity of AChE was compared 
with the use of one-way ANOVA. P-value less than 0.05 was 
employed to ascertain statistical significance between groups.

RESULTS

Passive avoidance task. There were no differences in latency 
between experimental groups on the training day in the 
passive avoidance test, as revealed by one-way ANOVA 
(F(5,42) = 1.030; p = 0.4125) (Fig. 1A). Similarly, the Kruskal-
Wallis test revealed a non-significant overall group effect 
in the retention test (H = 3.087; p = 0.6866). There were 
no differences between groups under study for memory 
consolidation (Fig. 1B).

AChE. The ANOVA revealed a non-significant overall group 
effect for AChE activity in the brain tissue (F(3,26) = 1.673; 
p = 0.1972) (Fig. 2).

DISCUSSION

The study indicated that IS had no significant effect on 
memory consolidation, either administered solely or in 
conjunction with SCO. Previous research suggests that 
IS may constitute a potential treatment target for CKD-
related cognitive impairment [17]. The effect of IS on memory 
processes has been extensively studied in animal models. Rats 
subjected to chronic treatment with the toxin (200 mg/kg of 
body wt per day) demonstrated reduced accurate responses 
and an increase in latency to complete the performance of 
the T maze test, indicating a deterioration in spatial memory 
[9]. Bobot et al. [8] examined cognitive deficits in the novel 
object recognition test, the object location task, and social 
memory tests in animals with renal failure. For the purpose, 
models of CKD were used in which rats were subjected to 
an adenine-rich diet or 5/6 nephrectomy. Additionally, after 
the injection of 99mTc-DTPA (imaging marker), the BBB 
disruption assessed with the use of SPECT/CT imaging. The 
discrimination index in the novel object recognition test 
and the levels of IS in serum were shown to be significantly 
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correlated with the brain’s 99mTc-DTPA content. When IS 
was added to the drinking water of rats fed the adenine-
rich diet, it was discovered that the rats’ increased serum 
IS concentrations were linked to a more severe cognitive 
impairment and increased BBB permeability. Sun et al. [18] 
reported that mice exposed to IS administration (chronically 
given a dosage of 100 mg/kg i.p.) exhibited a greater escape 
latency distance, as well as the latency time during the 

acquisition phase of a Morris water maze test in a study 
that utilised unilaterally nephrectomised animals.

While the outcomes of behavioural studies in animals 
necessitate confirmation in clinical trials, it is important to 
highlight that the intraperitoneal doses of IS (200–400 mg/kg) 
administered in the current study produced blood toxin 
concentrations in mice comparable to those observed in 
patients with ESRD. As previously shown in mice, after IS 
treatment (400 mg/kg i.p.), the mean IS plasma concentration 
was 168.19 µg/ml (mg/l) [16]. In patients with uraemia, high 
mean serum IS concentrations are around 44 mg/l, while 
IS levels in some individuals as high as 236 mg/l have been 
documented [19].

The observed memory impairments in rodents occurred 
mainly after long-term exposure to IS. Therefore, the acute 
administration of the uraemic toxin applied in the current 
study may partially explain the absence of the impact of IS 
on memory consolidation in the passive avoidance task. 
Additionally, subsequent to the acute treatment of the toxin, 
the activity of brain AChE remained unchanged, which may 
also account for the lacking effect of IS on mice performance 
in the passive avoidance task. It was reported earlier that a 
variety of psychomotor behavioural impairments were linked 
to a widespread decrease of AChE in mice with chronic 
CKD [20].

In the current study, IS combined with SCO had no impact 
on the performance of mice in the passive avoidance test. 
Furthermore, no retention deficits were observed after 
administering SCO alone. This result, concerning SCO, is not 
surprising, despite the use of a dose of SCO (1 mg/kg), which 
in studies by some authors caused memory consolidation 
impairment in a passive avoidance test in mice [21]. In 
contrast to this, there are reports indicating a lack of effect 
of SCO in doses around 1 mg/kg on memory consolidation 
[21]. Therefore, to definitively confirm that IS does not affect 
consolidation impairment induced by SCO administration, 
studies with a higher dose of SCO are needed.

CONCLUSIONS

The presented results demonstrate that acute exposure to IS 
does not impair memory consolidation in mice, including 
those additionally treated with SCO. Although exposure 
to single, high doses of IS in animals may, to some extent, 
mimic clinical exposure to high concentrations of the toxin 
in patients between dialysis sessions, the use of chronic 
administration of IS in mice is required to provide additional 
scientific insights on memory consolidation.
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Figure 1. The effect of the combined administration of indoxyl sulfate (IS) and 
scopolamine (SCO) on memory consolidation in the passive avoidance test. SCO 
(1 mg/kg i.p.) was given immediately after the electric foot shock, and IS (200 or 
400 mg/kg i.p.) was administered 20 min after SCO injection. Latency (in seconds 
– s) to enter the dark box was recorded on the training day and 24 h later (retention 
test for the evaluation of memory consolidation). Results are shown as mean ± SEM 
values (training day) (A) and median values with the 25th and 75th percentiles 
(retention test) (B). The number of mice in each group was 8. Not significant vs 
respective control groups (ANOVA or Kruskal–Wallis test)

Figure 2. The effect of the combined administration of indoxyl sulfate (IS) and 
scopolamine (SCO) on brain acetylcholinesterase (AChE) activity in mice. Results 
are shown as mean ± SD of eight determinations and expressed in IU/g of wet brain 
tissue. Not significant vs control group (ANOVA)
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