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blood marker of disease
evolution
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Xiangchun Ding3* and Xiaodong Wang2*

1School of Clinical Medicine, Ningxia Medical University, Yinchuan, China, 2Department of

Radiology, General Hospital of Ningxia Medical University, Yinchuan, China, 3Department of

Infectious Diseases, General Hospital of Ningxia Medical University, Yinchuan, China

Background and aims: Patients with cirrhosis commonly experience minimal

hepatic encephalopathy (MHE), and alterations in neurotransmitters have been

thought to be related to cognitive function. However, the relationship between

alterations in peripheral and central butyrylcholinesterase (BuChE) with MHE

disease progression remains unknown. As such, this study was designed to

investigate potential changes in peripheral and central BuChE activity and their

e�ects on cognitive function in the context of MHE.

Materials and methods: We enrolled 43 patients with cirrhosis secondary to

hepatitis B, 20 without MHE and 23 with MHE, and 25 with healthy controls

(HC). All the selected subjects underwent resting-state functional MRI, and the

original images were processed to obtain the regional homogeneity (ReHo)

brain maps. Thereafter, the correlation of BuChE activity with ReHo, number

connection test of type A (NCT-A), and digital symbol test (DST) scores with

MHE patients were analyzed using Person correlation analysis. Meanwhile, we

purchased 12 Sprague-Dawley (SD) rats and divided them into an experimental

group (n = 6) and a control group (n = 6). The rats in the experimental

group were intraperitoneally injected with thioacetamide (TAA) to prepare

MHE model rats. After modeling, we used the Morris water maze (MWM) and

elevated plus maze (EPM) to assess the cognition function and exploratory

behavior of all rats. The activity of serum, hippocampus, and frontal lobe tissue

BuChE was detected by ELISA.

Results: BuChE activity gradually decreased among the HC, patients with

cirrhosis, and MHE groups (all P < 0.01). We observed a linear correlation

between serum BuChE and NCT-A and DST scores in MHE patients (all P <

0.01). We noted that BuChE activity can negatively correlate with ReHo values

in the left middle temporal gyrus and left inferior temporal gyrus, and positively
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correlate with ReHo values in the right inferior frontal gyrus, and also found

that the peripheral BuChE activity of MHE rats was significantly lower than

their control counterparts, and the BuChE activity in frontal lobe extracts was

significantly higher than the control rats (all P < 0.05).

Conclusion: The altered activity of BuChE may contribute to cognitive

impairment in MHE patients, which may be a potential biomarker of disease

evolution in the context of MHE.

KEYWORDS

minimal hepatic encephalopathy, cognition function, regional homogeneity,

butyrylcholinesterase, acetylcholine

Introduction

Approximately two million deaths each year are

caused by liver disease, of which one million are caused

by cirrhosis and its complications at a global scale (1).

Hepatic encephalopathy (HE) is a serious complication of

liver failure, which is a complex neuropsychiatric syndrome

caused by damage to the central nervous system (2, 3).

Minimal hepatic encephalopathy (MHE) neurocognitive

changes are an important feature in the early stage of HE.

The patient has no obvious disturbance of consciousness,

but only manifests as a decline in cognitive judgment ability,

attention, and memory (4, 5), with atypical clinical signs

or symptoms, but cognitive impairment can be detected by

appropriate neuropsychological testing (6). The occurrence

and development of MHE will significantly reduce the quality

of life of patients (7), and also cause transient mild cognitive

impairment, increasing the risk of various accidents and

occupational disabilities. Therefore, early diagnosis and

treatment are urgently needed to improve the prognosis

of patients.

At present, the pathogenesis of MHE is still unclear, and

it is still based on the ammonia poisoning theory (8). With

in-depth research, the defects of the brain neurotransmitter

system are considered to be related to the occurrence of MHE,

especially the glutamate and monoaminergic mechanisms, γ-

aminobutyric acid, and serotonergic systems have been reported

in animal models of liver disease and patients with liver disease

(9–11). At the same time, some studies have also described

the effect of the cholinergic system on MHE cognitive function

(12), but these studies focused on acetylcholinesterase (AChE);

thus far, there have been few studies on alterations in the

Abbreviations: BuChE, butyrylcholinesterase; MHE, minimal hepatic

encephalopathy; HC, healthy control; ReHo, regional homogeneity;

NCT-A, number connection test of type A; DST, digital symbol

test; ALFF, low-frequency fluctuation; AChE, acetylcholinesterase; ACh,

acetylcholine.

BuChE during liver failure, with no meaningful conclusions

drawn yet. But in-depth investigation and research of BuChE,

a more important function of BuChE have been proposed,

including memory, selective attention, and behavioral response

(13, 14). Petrov et al. (15) and others found that BuChE can

be expressed in specific brain areas, such as the amygdala,

hippocampus, and frontal lobe, seems to be involved in the

development of certain aspects of the nervous system, and

expresses nicotinic acetylcholine (ACh) receptors. This suggests

that BuChE may regulate the functional state of cells by

hydrolyzing the neurotransmitter ACh.

Resting-state functionalmagnetic resonance imaging (fMRI)

is a non-invasive imaging method, which uses hemoglobin

as the endogenous contrast agent, and it is a non-invasive

technology to image the increase of oxyhemoglobin and the

decrease of deoxyhemoglobin caused by the rapid changes

in neuronal activity (16). It is the main imaging technology

for the study of brain cognitive functions. At present,

there are many analytical methods for fMRI, among which

regional homogeneity (ReHo) analysis can effectively map

the regional activity level of the brain (17) and reflect the

consistency of the local neuronal activity level (18). The

increased ReHo represents the increased consistency of the

local neuronal activity and vice versa. A number of previous

studies have investigated the influence of blood ammonia on

brain neuronal activity by analyzing the correlation between

blood ammonia and brain area low-frequency fluctuation

(ALFF) (19).

The BuChE plays a distinct and important role in the

regulation of cognitive function; according to prior research (20,

21), it is possible to provide insight into the pathophysiological

basis for impaired cognition in people experiencing MHE by

studying the changes in this enzyme. Accordingly, this study

aimed to explore the underlying changes in peripheral and

central BuChE activity in the context ofMHE and their effects on

cognitive function and determine whether BuChE is correlated

with clinical parameters and reflects the stage of the disease at

the cognitive (NCT-A, DST score).
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Materials and methods

Subjects

This prospective study was approved by the Medical

Research Ethics Committee of the local hospital (KYLL-2021-

841). A total of 43 patients were admitted to the Department of

Infectious Diseases of the General Hospital of Ningxia Medical

University from April 2020 to June 2021 and diagnosed with

post-hepatitis B cirrhosis. In addition, 25 healthy volunteers

matched for gender, age, and education level (HC group) were

recruited during the same period. Exclusion criteria included:

(1) previous history of other neuropsychiatric disorders or

psychotropic substance abuse; (2) history of parenchymal

brain disease (brain tumor, stroke, traumatic brain injury,

and metabolic brain diseases) as assessed by medical history

and routine imaging; (3) previous history of alcohol abuse or

alcoholic cirrhosis; (4) suffering from diabetes, hypertension,

or other chronic metabolic diseases; (5) inability to complete

the number connection test-A (NCT-A) and digital symbol

test (DST) scales due to visual acuity, lack of education,

and so on; and (6) contraindications to MRI, such as the

presence of metal implants in the body. MHE was diagnosed

by two experienced radiologists, and each patient underwent

two neuropsychological assessments (NCT-A and DST) and an

fMRI examination. Those who had positive results on both

NCT-A and DST were considered to be in the MHE group

according to the final report of the working party at the 11th

World Congress of Gastroenterology (22), and only one positive

result was included in the group of simple liver cirrhosis. In this

study, informed consent was obtained for experimentation with

all subjects.

A total of 12 SD rats (6–8 weeks, 200–260 g) were

purchased from the Experimental Animal Center of Ningxia

Medical University. The animals were randomly divided into an

experimental group (n= 6) and a control group (n= 6) and fed

with ordinary feed (Jiangsu, Xietong Bio-engineering, China)

(23). We kept rats for 1 week without experimentation to allow

them to adjust to their new environment, a standard laboratory

environment was provided for them (with a temperature of

20–22◦C, relative humidity of 65–70%, and a cycle of 12 h of

light and darkness). Model preparation: The MHE model was

prepared by intraperitoneal injection of thioacetamide (TAA)

(Macklin Biochemical, China), while the rats in the control

group were intraperitoneally injected with normal saline. The

initial dose was 150 mg/kg, 3 times a week, for a total of 12

weeks. Referring to the method of Li et al. (24), the drug dose

was adjusted appropriately according to the increase or decrease

in body weight. MHE rats’ inclusion criteria were from Ding

et al. (25). This study was approved by the Animal Research

Committee of Ningxia Medical University (IACUC-NYLAC-

2021-114).

MR data acquisitions

MR images were acquired using a GE Architect 3.0T MR

scanner and a 48-channel magnetically sensitive coil was used.

The subjects were asked to remain as quiet as possible before

the scan, and the head was immobilized with a sponge to reduce

the head movement. All the patients underwent conventional

MRI scanning and resting-state BOLD-fMRI. The conventional

MRI scans included T1FLAIR (TR= 2,000ms, TE= 20ms) and

T2WI (TR = 4,000ms, TE = 107ms). Thereafter, resting-state

BOLD-fMRI was performed using Ax BOLD rest 36sl sequence,

TR = 2,000, TE = 30, flip angle = 90◦, FOV = 250 × 250mm,

matrix = 64 × 64, number of layers = 35, slice thickness =

3.6mm, scan dynamics= 180 times, and scan time= 6 min.

Image preprocessing

The acquired raw images were then preprocessed in

MATLAB2012a using the Resting State Brain Imaging Data

Processing and Analysis Tool (DPARSF_V4.5, http://www.

restfmri.net) using the following steps: (1) The data from the

first 10 time points were excluded to exclude the effects on the

results due to non-homogeneous magnetic field at the beginning

of the scan and the subject’s non-adaptation; (2) time correction:

the resting images of each individual were time-corrected using

the central level of the scan as the reference layer; (3) head

movement correction: the head movement parameters of the

MRI scan were also calculated, including the translation and

rotation parameters in the x, y, and z directions, and images

with excessive headmovement (translation>2.0mm or rotation

of 2.0◦in the head movement parameters) were excluded; (4)

The corrected images were then normalized to a standard MNI

(Montreal Neurological Institute) template and each voxel was

resampled into 3 × 3 × 3mm3 voxels; (5) The normalized data

were thereafter subjected to de-linearization drift and band-

pass filtering (0.01–0.08Hz) to reduce the potential drift at low

frequencies and the high frequency effects of respiration as well

as the heartbeat and also to remove the effects of covariates,

including cerebral white matter signal and the cerebrospinal

fluid signal.

ReHo analysis

ReHo images use Kendall’s coefficient concordance (also

known as ReHo values) to measure the similarity of a voxel

to several of its surrounding voxels, thus indirectly reflecting

the synchrony of the neuronal activity in the brain (26).

The calculation of the ReHo parameter was based on the

synchronization of each voxel with its neighboring 26 voxels

in the time sequence to obtain an optimal ReHo map for

each subject.
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Serum BuChE quantification

Patients fasted overnight (for∼12 h) before blood collection

and were in the decubitus position during the sampling.

The specimens were placed in an ice bath immediately after

collection and the serum was immediately separated after

centrifugation and tested by ion exchange. The serum BuChE

activity was measured by an OLYMPUS AU5400 analyzer

(Beckman Coulter, Brea, CA, USA).

Morris water maze to detect spatial
memory

The Morris water maze (MWM) was 200 cm in diameter

and 55 cm in height, divided into four quadrants, with a water

level of 37 cm and a temperature of 22 ± 2◦C. The platform

used corresponds to a cylinder with a diameter of 12 cm and a

height of 35 cm, of which 2 cm is below the water’s surface. The

MWM was surrounded by a canvas to avoid the interference

of sunlight in the experiment. The walls of the water maze are

pasted with plastic plates of different shapes in four different

directions (east, west, south, and north) to allow animals to

identify their location. A computerized video tracking system

(SMART 3.0, Panlab, Spain) was used to record behavioral data.

The test lasted for 6 days, and the rat was trained four times

per day at regular intervals, from four designated starting points

(east, south, west, and north) facing the wall of the barrel, and

the average of the four training latencies was used as the daily

learning performance of the rat. Each trial ended with the animal

finding the platform or 60 s, after which, if the animal did not

reach the hidden platform, it was placed on the platform for 10 s.

On the 6th day of the experiment, the platformwas removed and

the rat was placed in the water at any of the same entry points,

and the swimming trajectory of rats within 60 s, the residence

time in the target quadrant, and the number of times crossing

the target quadrant were recorded.

Elevated plus maze to detect
autonomous activity and exploratory
behavior

The elevated plus maze (EPM) is composed of two open

arms and two closed arms, which are crossed vertically with

each other (arm width: 10 cm, arm length: 60 cm, height of

wall: 40 cm). At the beginning of the experiment, the rat was

placed in the central area with its head facing the open arm,

and the experiment time was 10min. The behavior of rats in the

EPM was recorded using a computerized video tracking system

(SMART 3.0, Panlab, Spain). During the test session, the time

and the number of times it enters open and closed arms were

measured automatically by SMART 3.0. The ratio of entries into

the open arms (the number of times the rats entered the open

arms/the total number of times the rats entered both arms) and

the ratio of time spent in the open arms (time spent in open

arms/total time spent in both arms) were calculated manually.

Enzyme-linked immune-sorbent assay

BuChE activity was measured with an ELISA kit (A025-

1, Nanjing Jiancheng, China). Rats were euthanized and the

hippocampal frontal lobe tissue was dissected in cold conditions

(4◦C) and weighed. The brain tissues were mechanically

homogenized in 0.9% normal saline, according to a 1:9 ratio of

weight (mg):volume (µl), under ice-water bath conditions. The

homogenate was then centrifuged at 3,000 r/min for 10min, and

the supernatant was extracted for concentration determination.

The experimental steps were performed according to the

instructions of the ELISA kit and the total protein concentration

in the hippocampal homogenate of rats in each group was

normalized (BCA). The serum was drawn off and stored at

−80◦C for BuChE activity estimation.

Statistical analysis

GraphPad Prism software version 9.3 (GraphPad Software,

USA) was used to plot graphs and comparison. Statistical

analyses were performed by using SPSS 23.0. Categorical data

(sex) were expressed by (%), and the chi-square test was used

to compare the differences between groups. Shapiro–Wilk test

was used to verify the normality of all the measurement data.

For the measurement data with a normal date, the student’s

t-test was used to compare the differences between the two

groups, andANOVAwas used to compare the differences among

the three groups, which were presented as mean with standard

deviation. For the measurement data of non-normal date, the

Mann-Whitney U-test was used to compare the differences

between the groups, which were presented as the medians with

the accompanying interquartile ranges.

Correlation analysis

This analysis was conducted to investigate the potential

association between the venous BuChE activity and ReHo

values in patients with MHE by using the Resting-State fMRI

Data Processing Toolkit (DPARSF_V4.5, http://www.restfmri.

net) and xjview (27). The correlations between BuChE activity

and mean ReHo values of brain regions in MHE patients were

determined using the Person correlation analysis and the brain

regions where correlations existed were analyzed. The statistical

threshold was set at P < 0.05 (after AlphaSim correction).
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TABLE 1 Demographic and physiologic data of the studied cohort.

HC group (n = 25) Cirrhosis group (n = 20) MHE group (n = 23) χ
2/F/z/t value P-value

Sex (% of male patients) 56.0% 55.0% 60.9% 0.180 0.914a

Age (years) 46.9± 9.4 48.3± 10.6 48.1± 9.8 1.881 0.161b

Years of education 8.0± 1.2 7.7± 1.6 7.6± 1.4 2.212 0.118b

NCT-A (seconds) 34.39 (30.74, 41.64) 37.09 (31.98, 42.51) 68.79 (59.60, 90.83) −0.411 0.681
†#

−5.521 <0.001
‡#

−4.626 <0.001§#

DST (score) 46.6± 8.3 43.4± 3.3 21.7± 7.2 −1.620 0.113
†&

10.953 <0.001
‡&

12.614 <0.001§&

DST, digital symbol test; NCT-A, number connection test of type A; BuChE, butyrylcholinesterase; HC, healthy control; MHE, minimal hepatic encephalopathy.
a
χ
2 test of three groups.

bOne-way analysis of variance test among three groups.
†
HC and cirrhosis groups.

‡
HC and MHE groups.

§Cirrhosis and MHE groups.
#Mann–Whitney U-test.
&Student’s t-test.

Results

Demographic and clinical information

The detailed demographic characteristics and clinical data

for all participants are summarized in Table 1. There were no

significant differences observed in regard to gender, age, or

education level among the three groups (Table 1). However,

compared with the HC and liver cirrhosis groups, the DST score

in the MHE group decreased, and the NCT-A score increased

(all P < 0.05). There was no significant difference in NCT-A

and DST scores between the HC and cirrhosis groups (P > 0.05)

(Table 1).

Changes in serum BuChE activity with
three groups

We investigated the effect of MHE on the BuChE activity in

the serum. Our results reveal an alteration of the BuChE activity

in the serum of MHE patients. The BuChE activity gradually

decreased between the three groups (all P < 0.05) (Figure 1).

Correlation analysis of BuChE activity
with NCT-A and DST scores

Figure 2 shows the correlation between BuChE with NCT-

A and DST scores in MHE and HC groups. BuChE activity

in the MHE group exhibited a significant negative correlation

with NCT-A score (r = −0.631, P = 0.001) (Figure 2A) but a

significant positive correlation with DST score (r = 0.618, P =

0.002) (Figure 2B). However, BuChE activity in the HC group

did not show any significant correlation with NCT-A and DST

scores (r = −0.155, P = 0.458) (Figure 2C); (r = −0.137, P =

0.514) (Figure 2D).

Correlation analysis of BuChE activity
with ReHo value

Figure 3 shows the correlation between ReHo and

BuChE activity in the MHE group. In patients with MHE,

the serum BuChE activity displayed a negative correlation

with ReHo in the left middle temporal gyrus and left

inferior temporal gyrus, and a positive correlation with

ReHo in the right inferior frontal gyrus (P < 0.05, after

AlphaSim correction).

Spatial memory performance assays

In the positioning navigation experiment, with the increase

of training times, the latency (time to reach the original

platform) of the control rats gradually decreased than theirMHE

counterparts, and there were differences between the two groups

on the fourth and fifth days (P < 0.05) (Table 2). The above

results indicated that the learning ability of the MHE rats was

damaged compared to the control rats.

On the 6th day, the spatial probe test was performed to

monitor whether rats remembered the location of the platform.

As shown in Figure 4, compared with control rats, MHE rats

crossed the platform less often and the time spent in the target

quadrant was significantly decreased (P < 0.05). The results
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FIGURE 1

Changes in serum BuChE activity with three groups, *P < 0.05, &Student’s t-test.

revealed that the spatial memory and orientation ability of the

MHE rats was lower than the control rats.

Autonomic activity and exploratory
behavior assays

In the EPM experiment, we observed that the ratio of entries

into the open arms (Figure 5C) and the ratio of time spent in

the open arms were decreased than the control rats (P < 0.05)

(Figure 5D). In comparison with the control rats, MHE rats

showed significantly lower levels of autonomous activity and

exploratory behavior, a significant impairment of locomotion

and exploratory behavior can be seen.

Changes in serum and tissue BuChE
activity of MHE rats

The detection results of BuChE activity showed that the

activity of serum BuChE in the MHE rats was significantly lower

than in the control rats (P = 0.004) (Figure 6A). BuChE activity

was significantly higher in the frontal extract in the MHE rats

when compared to the control rats (P= 0.015) (Figure 6B), while

there was no significant difference in the hippocampal extract (P

= 0.784) (Figure 6C). The levels of BuChE were normalized by

protein contents.

Discussion

In the present study, we described the changes in peripheral

and central BuChE activity in MHE patients and TAA-induced

chronic liver failure-related MHE rats. We found that there was

a high correlation between the mean ReHo value in the default

network ofMHE patients and the activity of BuChE. In addition,

we observed that there was a strong correlation between BuChE

activity and cognitive scale scores. At the same time, we found

that peripheral BuChE activity was decreased inMHE patients as

well as rats. Interestingly, we also observed a significantly higher

BuChE activity in the frontal tissue of MHE rats compared to

the control rats. Based on these results, it is tempting to say that

changes in peripheral BuChE activity could be amirror of central

BuChE deregulation, which is related to the occurrence of MHE,

and cognitive impairment.

BuChE, also known as pseudocholinesterase or non-specific

cholinesterase, is a serine hydrolase that can catalyze the

hydrolysis of cholinester, to the highest levels in serum and the

liver (28, 29). BuChE is expressed in the different neurons of
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FIGURE 2

Correlations between BuChE activity with NCT-A and DST scale scores, (A,B) are MHE groups and (C,D) are HC groups.

the human brain areas, including the amygdala, hippocampus,

and thalamus (30). The unique distribution of BuChE in the

central nervous system and its expression in the brain structures

involved in cognition has resulted in increasing awareness about

its potential role in the regulation of cognitive functions. In the

present study, we observed a gradual decrease in BuChE activity

during the progression from cirrhosis to MHE. BuChE, as a

marker of inflammation and liver injury (31), is affected during

liver failure or damage which can lead to a significant decrease

in BuChE activity. Meanwhile, Darreh-Shori et al. (32) found

that after 12 months of rivastigmine treatment in Alzheimer’s

disease patients, the percentage reduction of specific activities

of serum BuChE was highly correlated with the percentage

reduction of BuChE activity in cerebrospinal fluid, which may

indirectly indicate that peripheral BuChE activity alterations

may affect central BuChE activity. In addition, we also found a

significant linear relationship between peripheral BuChE activity

with NCT-A and DST scores in MHE patients, while no such

correlation was found in the HC group. Based on these results,

we believe that the occurrence of cognitive impairment in

MHE patients may be related to decreased peripheral BuChE

activity. Despite this, the link between brain and serum (BuChE)

alterations and behind mechanisms (blood–brain, CSF–brain,

and blood–CSF barriers) remains unclear, and it is not clear if

those barriers are altered during the disease. But some articles

suggest that changes in peripheral biomarkers could affect the

central or CSF biomarker deposition and metabolism (33).

Here, one important finding in our study was that the mean

ReHo value in the brain region of MHE patients was directly

related to the peripheral BuChE. More specifically, we found
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FIGURE 3

The correlation between the mean ReHo values and BuChE activity in the MHE patients. The BuChE activity negatively correlates with ReHo

values in the left middle temporal gyrus (A), left inferior temporal gyrus (B) (blue color), and positively correlate with ReHo values in the right

inferior frontal gyrus (C) (red color).

TABLE 2 MWM results of control and MHE groups.

Groups Control group

(n = 6)

MHE group

(n = 6)

t-value P-value

Day 1 (s) 43.5± 12.8 46.4± 16.1 −0.369 0.718&

Day 2 (s) 30.5± 10.4 33.5± 22.6 −0.302 0.768&

Day 3 (s) 27.7± 8.2 34.3± 15.9 −0.930 0.369&

Day 4 (s) 14.4± 4.3 30.4± 10.1 −3.657 0.003&

Day 5 (s) 11.6± 6.1 26.6± 11.8 −2.828 0.014&

All values are shown as mean± standard deviation (x̄± s); &Student’s t-test.

that BuChE activity negatively correlated with ReHo values in

the left middle temporal gyrus and left inferior temporal gyrus,

and positively correlated with ReHo value in the right inferior

frontal gyrus. The default network is engaged in themaintenance

of cognitions related to self-awareness, visual information

processing, and visuospatial selective attention (34, 35). The

possible correlation between the ReHo within the default

network and the BuChE activity in patients with MHE may be

explained by the potential role of BuChE in the pathogenesis

of MHE, thereby suggesting that the functional impairment of

MHE may partly arise from an excess of BuChE in the brain,

although this hypothesis requires additional investigation.

To further verify this hypothesis, we used TAA to generate

the MHE rat model. Memory, learning, spatial orientation, and

exploratory activity were assessed using MWM and EPM. In

the MWM experiment, the MHE rats exhibited impairments in

spatial memory and orientation, including (1) prolonged latency

to reach the platform, (2) decreased number of crossings to
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FIGURE 4

Spatial memory performance of MHE and control rats. (A,B) are the representative trace in the water maze task; (C) The number of times

crossed the platform in the spatial probe test; (D) The time spent in the target quadrant in the spatial probe test; &Student’s t-test.

the target quadrant, and (3) shorter time spent in the target

quadrant (Table 2; Figure 4). These data suggest that MHE rats

have deficits in learning and spatial memory compared to the

control rats. At the same time, we also found that MHE rats

showed lower autonomic activity and exploratory behavior in

the EPM test, including the ratio of times entering the open

arms and the ratio of time spent in the open arms (Figure 5).

In addition, we measured peripheral and central BuChE activity

by ELISA in all rats. The results showed that compared with the

control rats, the peripheral BuChE activity of the MHE rats was

significantly decreased, which was consistent with the results we

detected in the MHE patients. Meanwhile, we also found that

the activity of BuChE in the frontal lobe extracts of the MHE

rats was significantly higher than in the control rats, while no

such difference was observed in hippocampal tissue (Figure 6).

This may validate our speculation that functional impairment

of MHE may partly arise from an excess of BuChE in the

brain. Hence, we speculated that once the serum BuChE activity

gradually decreases and falls below the corresponding threshold,

it might trigger a central response. This in turn can affect the

BuChE content in cerebrospinal fluid, and increase the BuChE

activity in the brain, which is worth considering. However,

Garcia-Ayllon et al., observed no changes in the activity of

BuChE in the frontal cortex (12). We speculated that Garcia-

Ayllon et al. focused primarily on the acute liver failure model in

their study; however, we generated the rat model in the opposite

way. It is a chronic process when peripheral BuChE activity

decreases, leading to changes in central BuChE activity. This

may help explain this difference.

Scholars such as Méndez et al. (36) found that cholinergic

neurons are primarily located in areas of the brain associated

with cognitive function, and normal cholinergic signaling
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FIGURE 5

Autonomic activity and exploratory behavior of MHE and control rats. (A,B) are the representative trace in the elevated plus maze task; (C) The

ratio of entries into the open arms; (D) The ratio of time spent in the open arms; #Mann-Whitney U-test.

related to cognitive function is dependent on the action of

the neurotransmitter ACh. ACh is the main neurotransmitter

synthesized by cholinergic neurons and is hydrolyzed by AChE;

in addition to AChE, ACh can also be hydrolyzed by BuChE

(37). Therefore, in the present study, the increased activity

of BuChE in the frontal lobe of the MHE rats may cause to

over-hydrolyze the presynaptic neurotransmitter ACh through

an alternative pathway, thereby hindering the transmission

of the neurotransmitter, thus resulting in the decrease of

extracellular ACh levels, and ultimately affecting information

processing and learning acquisition. Due to these, we proposed

that the impairment in the ability of MHE rats to learn the

spatial orientation and exploration task was dependent on

BuChE, which in turn leads to spatial memory deficits and

spatial disorientation.

Limitations

There are some limitations associated with this study. First,

the small sample size of this study may be biased and requires

further validation by expanding the number of participants

in the subsequent studies. Second, we used TAA to generate

the MHE rat model; however, this model might not be able

to fully mimic the complexity of the human MHE disease.

Finally, this study only measured the activity of BuChE in the

frontal lobe and hippocampal tissues, and the expression levels

of the neurotransmitter ACh were not measured because of

the technical limitations of the laboratory. These limitations

should be fully considered in future studies to further investigate

the role of BuChE in the cognitive function of MHE and its

molecular mechanism.
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FIGURE 6

BuChE activity in the peripheral and central of MHE and control rats. (A) BuChE activity in serum; (B) BuChE activity in frontal lobe tissue; (C)

BuChE activity in hippocampal tissue; #Mann–Whitney U-test.

Conclusion

Overall, our findings showed for the first time that serum

BuChE activity was correlated with NCT-A, DST scores, and

mean ReHo values in the context of MHE. Furthermore,

peripheral BuChE activity was significantly decreased in MHE

patients as well as rats, but a significant increase in frontal lobe

extracts of MHE rats. These results imply that (1) serum BuChE

could facilitate the early diagnosis of MHE, (2) serum BuChE

could aid in better characterizing MHE patient profiles during

the disease evolution, (3) central BuChE might be deposited as a

result of decreased peripheral BuChE activity, and (4) the BuChE

may be a potential blood marker for the evolution of MHE

disease and is involved in the regulation of cognitive functions.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further inquiries

can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Animal

Research Committee of Ningxia Medical University. The studies

involving human participants were reviewed and approved

by General Hospital of Ningxia Medical University. The

patients/participants provided their written informed consent to

participate in this study.Written informed consent was obtained

from the individual(s) for the publication of any potentially

identifiable images or data included in this article.

Author contributions

XW, XD, XY, and PD conceived and designed the study.

XY prepared the original draft, reviewed, and edited the final

manuscript. XG and KZ revised the manuscript. XH and MW

acquired and analyzed the data.WL andWMcontributed to data

analysis. All authors have read and approved the manuscript.

Funding

This work was supported by the Natural Science Foundation

of Ningxia, China (2022AAC03487), the Science and

Technology Key Research Program of Ningxia, China

(2019BEG03037), and the Key Laboratory of Craniocerebral

Diseases of Ningxia Medical University, China (LNKF202109).

Acknowledgments

XY thanks XW for guidance as his advisor during his

dissertation work. The authors gratefully thank the Department

of Radiology and Department of Infectious Diseases at the

General Hospital of Ningxia Medical University for caring for

the patients.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers inNeurology 11 frontiersin.org

https://doi.org/10.3389/fneur.2022.900997
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yang et al. 10.3389/fneur.2022.900997

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Elsaid MI, John T, Li Y, Pentakota SR, Rustgi VK. The health
care burden of hepatic encephalopathy. Clin Liver Dis. (2020) 24:263–
75. doi: 10.1016/j.cld.2020.01.006

2. Felipo V. Hepatic encephalopathy: effects of liver failure on brain function.Nat
Rev Neurosci. (2013) 14:851–8. doi: 10.1038/nrn3587

3. Hadjihambi A, Arias N, Sheikh M, Jalan R. Hepatic encephalopathy: a
critical current review. Hepatol Int. (2018) 12:135–47. doi: 10.1007/s12072-017-
9812-3

4. Labenz C, Toenges G, Schattenberg JM, Nagel M, Huber Y, Marquardt
JU, et al. Outcome prediction of covert hepatic encephalopathy in liver
cirrhosis: comparison of four testing strategies. Clin Transl Gastroenterol. (2020)
11:e00172. doi: 10.14309/ctg.0000000000000172

5. Pessidjo Djomatcho L, Kowo MP, Ndam AN, Njonnou SRS, Kenfack
GU, Andoulo FA, et al. Normalisation of the psychometric encephalopathy
score within the Cameroonian population. BMC Gastroenterol. (2021)
21:287. doi: 10.1186/s12876-021-01858-7

6. Formentin C, Zarantonello L, Mangini C, Frigo AC, Montagnese S, Merkel
C. Clinical, neuropsychological and neurophysiological indices and predictors of
hepatic encephalopathy (HE). Liver Int. (2021) 5:1070–82. doi: 10.1111/liv.14785

7. Labenz C, Baron JS, Toenges G, Schattenberg JM, Nagel M, Sprinzl MF,
et al. Prospective evaluation of the impact of covert hepatic encephalopathy
on quality of life and sleep in cirrhotic patients. Aliment Pharm Ther. (2018)
48:313–21. doi: 10.1111/apt.14824

8. Tranah TH, Shawcross DL. The rise and fall and rise again of
ammonia as a therapeutic target in hepatic encephalopathy. Hepatology.
(2022). doi: 10.1002/hep.32319

9. Hamdani EH, Popek M, Frontczak-Baniewicz M, Utheim TP, Albrecht J,
Zielinska M, et al. Perturbation of astroglial Slc38 glutamine transporters by NH4
(+) contributes to neurophysiologic manifestations in acute liver failure. FASEB J.
(2021) 35:e21588. doi: 10.1096/fj.202001712RR

10. Dasarathy S, Mullen KD. Benzodiazepines in hepatic encephalopathy:
sleeping with the enemy. Gut. (1998) 42:764–5. doi: 10.1136/gut.42.6.764

11. Yurdaydin C, Herneth AM, Puspok A, Steindl P, Singer E, Ferenci P.
Modulation of hepatic encephalopathy in rats with thioacetamide-induced acute
liver failure by serotonin antagonists. Eur J Gastroenterol Hepatol. (1996) 8:667–71.

12. Garcia-Ayllon MS, Cauli O, Silveyra MX, Rodrigo R, Candela A, Compan
A, et al. Brain cholinergic impairment in liver failure. Brain. (2008) 131:2946–
56. doi: 10.1093/brain/awn209

13. Ševelová L, Bajgar J, Saxena A, Doctor BP. Protective effect of equine
butyrylcholinesterase in inhalation intoxication of rats with sarin: determination
of blood and brain cholinesterase activities. Inhal Toxicol. (2008) 16:531–
6. doi: 10.1080/08958370490442511

14. Jasiecki J, Limon-Sztencel A, ZukM, ChmaraM, Cysewski D, Limon J,Wasag
B. Synergy between the alteration in the N-terminal region of butyrylcholinesterase
K variant and apolipoprotein E4 in late-onset Alzheimer’s disease. Sci Rep. (2019)
9:5223. doi: 10.1038/s41598-019-41578-3

15. Petrov KA, Proskurina SE, Krejci E. Cholinesterases in
tripartite neuromuscular synapse. Front Mol Neurosci. (2021)
14:811220. doi: 10.3389/fnmol.2021.811220

16. Chen X, Jiang Y, Choi S, Pohmann R, Scheffler K, Kleinfeld D, et al.
Assessment of single-vessel cerebral blood velocity by phase contrast fMRI. PLoS
Biol. (2021) 19:e3000923. doi: 10.1371/journal.pbio.3000923

17. Xing Y, Fu S, Li M, Ma X, Liu M, Liu X, et al. Regional neural
activity changes in Parkinson’s disease-associated mild cognitive impairment
and cognitively normal patients. Neuropsychiatr Dis Treat. (2021) 17:2697–
706. doi: 10.2147/NDT.S323127

18. Chen C, Yan M, Yu Y, Ke J, Xu C, Guo X, et al. Alterations in regional
homogeneity assessed by fMRI in patients with migraine without aura. J Med Syst.
(2019) 43:298. doi: 10.1007/s10916-019-1425-z

19. Qi R, Zhang L, Wu S, Zhong J, Zhang Z, Zhong Y, et al. Altered resting-
state brain activity at functional MR imaging during the progression of hepatic
encephalopathy. Radiology. (2012) 264:187–95. doi: 10.1148/radiol.12111429

20. Darvesh S, MacKnight C, Rockwood K. Butyrylcholinesterase and cognitive
function. Int Psychogeriatr. (2001) 13:461–4. doi: 10.1017/S1041610201007876

21. Zakosek PM, Prpar MS, Strbenc M, Kosak U, German II, Trontelj J,
et al. Treatment of canine cognitive dysfunction with novel butyrylcholinesterase
inhibitor. Sci Rep. (2021) 11:18098. doi: 10.1038/s41598-021-97404-2

22. Ferenci P, Lockwood A, Mullen K, Tarter R, Weissenborn K, Blei AT. Hepatic
encephalopathy-Definition, nomenclature, diagnosis, and quantification: Final
report of the Working Party at the 11th World Congresses of Gastroenterology,
Vienna, 1998. Hepatology. (2002) 35:716–21. doi: 10.1053/jhep.2002.31250

23. Charan J, Kantharia ND. How to calculate sample size in animal studies? J
Pharmacol Pharmacother. (2013) 4:303–6. doi: 10.4103/0976-500X.119726

24. Li X, Benjamin IS, Alexander B. Reproducible production of thioacetamide-
induced macronodular cirrhosis in the rat with no mortality. J Hepatol. (2002)
36:488–93. doi: 10.1016/S0168-8278(02)00011-9

25. Ding S, Xu Z, Yang J, Liu L, Huang X, Wang X, et al. The
involvement of the decrease of astrocytic Wnt5a in the cognitive
decline in minimal hepatic encephalopathy. Mol Neurobiol. (2017)
54:7949–63. doi: 10.1007/s12035-016-0216-5

26. Li Y, Liang P, Jia X, Li K. Abnormal regional homogeneity in
Parkinson’s disease: a resting state fMRI study. Clin Radiol. (2016) 71:e28–
34. doi: 10.1016/j.crad.2015.10.006

27. Yan CG, Wang XD, Zuo XN, Zang YF. DPABI: data processing &
analysis for (resting-state) brain imaging. Neuroinformatics. (2016) 14:339–
51. doi: 10.1007/s12021-016-9299-4
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