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Abstract. Hyperammonemia is considered to be central to the 
pathophysiology of hepatic encephalopathy in patients exhib-
iting hepatic failure (HF). It has previously been determined that 
hyperammonemia is a serious metabolic disorder commonly 
observed in patients with HF. However, it is unclear whether 
hyperammonemia has a direct adverse effect on hepatic cells 
or serves as a cause and effect of HF. The present study inves-
tigated whether hepatic injury is caused by hyperammonemia, 
and aimed to provide an insight into the causes and mechanisms 
of HF. Hyperammonemic rats were established via intragastric 
administration of ammonium chloride solution. Hepatic tissues 
were assessed using biochemistry, histology, immunohisto-
chemistry, flow cytometry (FCM), semi‑quantitative reverse 
transcription-polymerase chain reaction and western blot anal-
ysis. Hyperammonemic rats exhibited significantly increased 
levels of liver function markers, including alanine transaminase 
(P<0.01), aspartate aminotransferase (P<0.01), blood ammonia 
(P<0.01) and direct bilirubin (P<0.05), which indicated hepatic 
injury. A pathological assessment revealed mild hydropic 
degeneration, but no necrosis or inflammatory cell infiltration. 
However, terminal deoxynucleotidyl transferase dUTP nick 
end-labeling assays confirmed a significant increase in the rate 
of cellular apoptosis in hyperammonemic rat livers (P<0.01). 
FCM analysis revealed that there were significantly more cells 
in the S phase and fewer in the G2/M phase (P<0.01), and the 
expression levels of cyclin A and D1 mRNA and proteins were 
significantly increased (P<0.01). In summary, cell cycle arrest, 
apoptosis and an alteration of cyclin A and D1 levels were all 
markers of hyperammonemia-induced hepatic injury. These 
findings provide an insight into the potential mechanisms 

underlying hyperammonemia-induced hepatic injury, and may 
be used as potential targets for treating or preventing hepatic 
damage caused by hyperammonemia, including hepatic 
encephalopathy.

Introduction

Ammonia is produced in the gastrointestinal tract in two ways: 
Colonic bacteria produce ammonia through the catabolism of 
nitrogenous waste from dietary protein intake, and skeletal 
muscle degrades and produces ammonia during seizures and 
intense exercise (1). Ammonia is primarily hepatically elimi-
nated through the urea cycle, during which it is converted to 
glutamine and renally excreted (2). Normal blood ammonia (BA) 
is 35 mmol/l, and any increase in this concentration is typically 
due to its increased production or decreased elimination.

Hepatic failure (HF), which is a serious disease with a high 
mortality rate (70-80%), is predominantly caused by hepa-
titis B and C viral infections (3,4). Existing treatment strategies 
for hepatic failure include artificial liver supporting systems 
and liver transplantation (5). During HF, normal metabolism 
of ammonia is blocked, which leads to an accumulation of 
ammonia in the circulation. This results in an increase in 
hepatocyte necrosis and apoptosis (6-8). However, it is uncer-
tain if hyperammonemia adversely affects residual hepatocyte 
function in HF patients, which would cause a ‘vicious cycle’ by 
further aggravating the hepatic injury (9). In previous studies, 
a ̔two-hit theory̓ was used to administer antiviral therapy 
and liver function maintenance using l-ornithine-l-aspartate to 
slow progression of hepatitis B virus-related acute-on-chronic 
HF (10-13). Therefore, the present study hypothesized that 
hepatic injury induced by hyperammonemia may be activated 
via apoptotic signaling pathways. In order to determine this, a 
rat model of hyperammonemia was established using intragas-
tric administration of ammonium chloride solution, according 
to a previous study (14), and cell proliferation and apoptosis of 
rat hepatic cells were observed. 

Materials and methods

Animals, experimental design and specimen collection. 
Male Sprague-Dawley (SD) rats (n=24; weight, 200±25 g; 
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age, 6 weeks) were obtained from the Animal Experiment 
Center of the Henan Province (Zhengzhou, China). The rats 
were maintained at 22±2˚C under a 12‑h light/dark cycle, with 
ad libitum access to water. The rats were fed experimental 
particle feed provided by the Animal Experimental Center of 
the Henan Province. The animal protocol was approved by the 
Animal Care and Use Committee of the Zhengzhou University 
(Zhengzhou, China; approval no. ZZ-83042-9). Animals 
were cared for according to the institutional guidelines of 
Zhengzhou University.

Experimental groups. The SD rats (n=24) were randomly 
divided into two groups: i) The hyperammonemic group, in 
which hyperammonemia was induced by treating the rats with 
10% ammonium chloride solution (10 ml/kg; Sangon Biotech 
Co., Ltd., Shanghai, China) via intragastric administration 
twice daily for 30 days; and ii) the control group, in which the 
rats were treated with saline (10 ml/kg) via the same route of 
administration and dosing regimen as the hyperammonemic 
group. After 30 days, the rats were sacrificed by cervical 
dislocation and blood and liver tissue samples were collected, 
according to methods outlined in previous studies (14,15).

Evaluating serum alanine transaminase (ALT), aspartate 
transaminase (AST), direct bilirubin (DBil) and blood 
ammonia (BA) concentration levels. Serum ALT, AST and 
DBil concentration levels were assayed using the ALT Assay, 
AST Assay and Total Bilirubin enzyme-linked immunosor-
bent assay kits obtained from Suzhou Calvin Biotechnology 
(Suzhou, China). BA was measured using a standard clinical 
automatic analyzer (AA‑4120 Ammonia Checker Ⅱ; Kyoto 
Daiichi Kagaku Co., Ltd., Kyoto, Japan).

Histological analysis. Hepatic tissue blocks obtained from 
the rats in all groups were dehydrated, embedded in paraffin, 
sectioned (5 µm) and stained with hematoxylin and eosin 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). The histological analysis of the tissue sections was 
conducted by two independent pathologists who were blind to 
the study design and the specimen identities. Sections were 
observed under a light microscope (LSM-510; Carl Zeiss AG, 
Oberkochen, Germany).

Assessment of apoptosis. To quantify apoptosis, a terminal 
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) 
assay was performed on paraffin‑embedded tissue sections 
from each rat (16). Hepatic tissue sections were subjected to 
a TUNEL assay, and analyzed with an In Situ Cell Death 
Detection kit, POD (Roche Diagnostics, Shanghai, China). 
Briefly, hepatic tissue sections were dewaxed, rehydrated and 
then incubated with 50 µl TUNEL reaction mixture at room 
temperature in the dark for 1 h. After washing three times 
with phosphate-buffered saline (PBS), the tissue sections were 
counterstained with 0.0002% 4',6-diamidino-2-phenylindole 
(Sangon Biotech, Co., Ltd.). Positive cells were scored under 
the Nikon Eclipse Ti-U fluorescence microscope (Nikon 
Corporation, Tokyo, Japan). This was performed by counting 
cells under low magnification (x100) in 10 separate arbitrary 
fields in each tissue section. Cells with a brown nuclei were 
interpreted as being positively apoptotic. Student's t-tests were 

used to calculate any statistical significance. The apoptotic 
index was expressed as a percentage of the TUNEL-positive 
cells. 

Cell cycle analysis. Cells were collected from hepatic tissue 
in a humidified chamber at room temperature, and the cell 
concentration was adjusted to 1x106 cells/ml. Cells were 
washed with cold PBS and fixed in 70% cold ethanol (Tianjin 
Siyou Science and Technology Development Co., Ltd., Tianjin, 
China) overnight at 4˚C. A fluorochrome solution (Sangon 
Biotech, Co., Ltd.), containing 3.4 mmol/l sodium citrate ion, 
1% Triton X-100, 20 µg/ml RNase A and 50 µg/ml propidium 
iodide, was added and the mixture was incubated in the dark 
at room temperature for 0.5 h (17). Cell cycle distribution was 
measured using flow cytometry (FCM; Sysmex Partec GmbH, 
Münster, Germany). FCM analysis was performed using 
CellQuest software, version 3.0 (BD Biosciences, Franklin 
Lakes, NJ, USA).

Immunohistochemistry (IHC). To measure hepatic cyclin A 
and D1 expression, a standard IHC protocol was followed 
to stain the rat liver tissue samples (18). Briefly, 5-µm 
paraffin‑embedded tissue samples were de‑paraffinized with 
xylene (Sangon Biotech, Co., Ltd.), and endogenous peroxidase 
activity was quenched with 3% H2O2 in methanol (Sangon 
Biotech, Co., Ltd.) for 30 min in the dark. Tissue samples 
were dehydrated through an alcohol gradient and subjected to 
antigen retrieval using 10 mM sodium citrate (Sangon Biotech, 
Co., Ltd.). Rabbit anti-rat cyclin A (1:500; sc-751), cyclin D1 
(1:500; sc-753) and β-actin (1:5,000; sc-130656) polyclonal 
antibodies (all Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) were used as a primary antibodies. Sections were then 
treated with a goat anti-rabbit biotin-conjugated secondary 
antibody (1:1,000; sc-2004; Santa Cruz Biotechnology, Inc.) 
followed by streptavidin (Sangon Biotech, Co., Ltd.). After 
washing three times with PBS, the tissue sections were 
incubated with 3,3'-diaminobenzidine tetrahydrochloride 
(Sigma-Aldrich, St-Louis, MO, USA) for 30 min, and imme-
diately washed under tap water following color development. 
Slides were then counterstained with hematoxylin. Slides 
were mounted with dibutyl phthalate xylene and were then 
observed under a light microscope (LSM-510; Carl Zeiss 
AG). The status of nuclear expression of cyclin A and D1 
were determined using integrated optical density, as measured 
with Biosens Digital Imaging System software, version 1.6 
(Shanghai Biotechnology Corporation, Shanghai, China).

Semi‑quantitative reverse transcription‑polymerase chain 
reaction (RT‑PCR) assay. Three preliminary experiments 
were conducted prior to semi‑quantitative RT‑PCR, in order 
to validate the linearity of PCR product accumulation with 
increasing number of PCR cycles. Briefly, aliquots containing 
fixed amounts of cDNA mixture were subjected to amplifi-
cation for varying numbers of PCR cycles (between 20 and 
40 cycles), using the S1000™ Thermal Cycler (Bio-Rad 
Laboratories Co., Ltd, California, USA). Total RNA was 
extracted from liver tissues using TRIzol® reagent (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), according to the 
manufacturer's protocol. Purified RNA treated with DNAase 
(TURBO DNA-free™ kit; Thermo Fisher Scientific, Inc.) 
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was reverse-transcribed into cDNA using random hexamers 
(Sangon Biotech, Co., Ltd.) and the SuperScript First-Strand 
Synthesis System for RT‑PCR kit (Thermo Fisher Scientific, 
Inc.). PCR was conducted using the S1000™ Thermal Cycler 
and the following cycling conditions: 90˚C denaturation for 
1 min, followed by 30 cycles of denaturation at 90˚C for 
60 sec, annealing at 60˚C for 60 sec and extension at 72˚C 
for 60 sec, and a final extension step of 72˚C for 10 min. 
The PCR primers were as follows: Sense, 5'-CAA AGT GTG 
CCG TTG TCT CTT-3' and antisense, 5'-ATC TGC GCT TGG 
AGT GAT AGA-3' for cyclin A; sense, 5'-CCA CGA TTT CAT 
CGA ACA CTT-3' and antisense for cyclin D1, 5'-CTC TGG 
AAA GAA AGT GCG TTG-3'; and sense, 5'-CAG TGC CAG 
CCT CGT CTCAT-3' and antisense, 5'-AGG GGC CAT CCA 

CAG TCTTC-3' for glyceraldehyde-3-phosphate dehydro-
genase (Sangon Biotech, Co., Ltd.). A negative control and 
an RT-minus control were used in order to verify the results 
of the first strand cDNA synthesis step. Experiments were 
performed in triplicate. Prior to amplification of each gene, 
normalization was carried out with the endogenous control 
gene, GADPH. All PCR products and the 100 bp DNA 
ladder (cat no. MD109; Tiangen Biotech Co., Ltd., Beijing, 
China) were separated by 2% agarose gel electrophoresis 
(Sangon Biotech, Co., Ltd.). The amplified DNA bands on the 
agarose gels were detected using ethidium bromide staining 
(Sangon Biotech, Co., Ltd.) and were quantified using the 
ImageQuant™ LAS 500 CCD imager (GE Healthcare Life 
Sciences, Chalfont, UK).

  A   B

  C   D

Figure 1. Biochemical analysis of rat blood samples, collected after the repeat administration of 10% ammonium chloride. The levels of (A) BA, (B) ALT, 
(C) AST and (D) DBil were measured. *P<0.05 and **P<0.01 vs. the control. Data are presented as the mean ± standard deviation. BA, blood ammonia; ALT, ala-
nine transaminase; AST, aspartate transaminase; DBil, direct bilirubin.

  A   B

Figure 2. Hepatic histopathology in rats subjected to hyperammonemia. Light photomicrographs of liver sections were obtained from the (A) control and 
(B) hyperammonemic rats. Hematoxylin and eosin staining; magnification, x400.
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Preparation of lysates and western blotting. Hepatic tissues 
were frozen on dry ice upon harvesting. Homogenates were 
sonicated in lysis buffer [150 mM NaCl, 1.0% IGEPAL, 
0.5% DOC, 0.1% SDS, 50 mM Tris (pH 8.0); Sangon 
Biotech, Co., Ltd.] and centrifuged (Heraeus Biofuge Stratos 
Centrifuge; Thermo Fisher Scientific, Inc.) at 21,890 x g and 
a temperature of 4˚C for 30 min. Supernatants were boiled 
in Laemmli sample buffer (Santa Cruz Biotechnology, 
Inc.) for western blotting at room temperature. The anti-
bodies used were as follows: Anti-cyclin D1 (cat no. H-295; 
dilution, 1:1,000; Santa Cruz Biotechnology, Inc.) and 
anti-cyclin A (cat no. H-432; dilution, 1:1,000; Santa Cruz 
Biotechnology, Inc.). Western blots were quantified using 
ImageJ software, version 1.48 (National Institutes of Health, 
Bethesda, MD, USA).

Statistical analysis. Statistical analyses were conducted using 
SPSS software, version 19.0 (IBM SPSS, Armonk, NY, USA). 
Data are depicted as the mean ± standard deviation. Student's 
t‑test was used to examine the statistical significance between 
groups. P<0.05 was considered to indicate a statistically 
significant difference. 

Results

Hyperammonemia induces an increase in the concentrations of 
BA, ALT, AST and DBil. The concentrations of BA, ALT, AST 
and DBit were significantly increased in the hyperammonemic 

rats, as compared with the controls (P<0.05; Fig. 1A-D), which 
indicated the occurrence of hepatic injury.

Hyperammonemia induces hepatic injury. In the control 
group, the liver appeared to have a normal histological struc-
ture; the majority of hepatic cells were mononuclear and were 
arranged in rows that radiated out from the center (Fig. 2A). 
Conversely, in the hyperammonemic group, there were no 
signs of necrosis or inflammatory cell infiltration. In addition, 
there were irregular hepatic sinusoids and edema of a number 
of hepatocytes within the hepatic lobule and portal areas, 
particularly around the central vein (Fig. 2B). 

Hyperammonemia induces apoptosis of hepatic cells. A 
TUNEL assay was used to evaluate cell apoptosis. Apoptotic 
cells were observed in the hyperammonemic group, but not in 
control group (Fig. 3A). In the hyperammonemic group, apop-
totic cells were scattered within the hepatic portal and lobule 
areas. Quantitative analysis of TUNEL-positive cells showed 
that the number of apoptotic cells in the hyperammonemic 
group was higher than in the control group; with a significantly 
higher apoptotic index calculated for the hyperammonemic 
group (5.84±2.25%), as compared with the control group 
(1.45±0.68%; P<0.01; Fig. 3B).

Hyperammonemia induces S phase cell cycle arrest. Cell cycle 
distribution was analyzed using FCM. The proportion of hyper-
ammonemic hepatic cells in the S phase increased from 36.7 to 

  A

  B

Figure 3. Hyperammonemia-induced hepatic cell apoptosis. (A) A TUNEL assay revealed apoptotic-positive hepatic cells marked by green staining. The blue 
DAPI stain marks intact DNA. Magnification, x400. (B) The apoptotic index. **P<0.01 vs. the control. Data are presented as the mean ± standard deviation. 
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end-labeling.
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59.3%, those in the sub-G1 phase (apoptotic cells) increased 
from 0.68 to 1.89%, those in the G0/G1 phase did not change, and 
the proportion of cells in the G2 phase decreased from 17.7 to 

6.9% (Fig. 4A). Thus, hyperammonemia significantly increased 
the number of cells in the S phase and significantly decreased 
the number of cells in the G2/M phase (P<0.01; Fig. 4B). 

  A

  B

Figure 4. Cell cycle analysis. (A) Flow cytometry analysis of control and hyperammonemic group cell cycles. (B) Quantified flow cytometry results, indicating 
the proportion of cells in the G1, S and G2 phases of the cell cycle. **P<0.01 vs. the control. Data are presented as the mean ± standard deviation and are 
representative of three independent experiments with similar results.

Figure 5. (A) Hyperammonaemia induced enhanced expression of cyclin A and D1, as shown by yellow chromatin in the nuclei. (3,3'-diaminobenzidine 
tetrahydrochloride staining; magnification, x400). (B) Cyclin A and D1 expression in hyperammonemic and control groups as measured by IOD in each tissue. 
**P<0.01 vs. the control. Data are presented as the mean ± standard deviation. IOD, integrated optical density.

  A   B
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Hyperammonemia induces an increase in the expression levels 
of cyclins A and D1. As compared with the controls, an increased 
number of cells were stained positive for cyclin A and D1 in 
the hyperammonemic group (Fig. 5A). The integrated optical 
density values for cells staining positive for cyclin A and D1 

significantly increased from 113.2 and 118.3 to 162.6 and 176.9, 
respectively, as compared with the controls (P<0.01; Fig. 5B).

RT‑qPCR (Fig. 6A‑D) and western blotting (Fig. 7A‑D) 
detected significantly increased mRNA and protein expres-
sion levels of cyclin A and cyclin D1, respectively, in the livers 

Figure 7. Analysis of hepatic cyclin A and D1 protein expression levels. (A) Western blot displaying hyperammonemia‑induced protein expression levels of 
cyclin A and D1 in the liver. Anti-β‑actin antibodies were used to ensure equal protein loading. The bands were quantified by densitometry and normalized to 
actin intensity. The relative expressions of cleaved (B) cyclin A and (C) cyclin D1 are shown. **P<0.01 vs. the control. Data are presented as the mean ± standard 
deviation of two independent experiments.

Figure 6. Analysis of hepatic cyclin A and D1 mRNA expression levels. Reverse transcription-polymerase chain reaction analyses were performed to detect the 
mRNA expression levels of (A and B) cyclin A and (C and D) cyclin D1. Data are presented as the mean ± standard deviation of three independent experiments. 
##P<0.01 vs. the control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 

  A   B

  C   D

  A

  B   C
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of rats subjected to hyperammonemia, as compared with the 
control group (P<0.01).

Discussion

Hyperammonemia is primarily caused by disorders of the urea 
cycle, and it is the most common symptom of HF (2,4,19-22). 
Hyperammonemia has been identified as a possible cause of 
hepatic encephalopathy following hepatic injury, where an 
excessive quantity of ammonia is metabolized by astrocytes, 
causing cell and brain swelling in vivo (11,22,23). In support 
of this, exposing primary astrocytes to ammonia in vitro 
has been documented to cause cell swelling and a loss of 
cell viability at high ammonia concentrations (2,24-26). The 
findings of the present study support previous reports demon-
strating the damaging effects of hyperammonemia on hepatic 
function (4,14,15,27). 

The present study measured changes in liver histology 
in rats that had been treated with ammonia, as compared 
with controls. Similar to a previous study (15), histological 
changes, including mild hydropic degeneration, were detected 
in hyperammonemic livers; however there was no presence of 
hepatic cell necrosis or inflammatory cell infiltration. In addi-
tion to this, it was demonstrated that hyperammonemia may 
cause hepatic injury by inducing hepatic cell apoptosis, which 
suggested that ammonia may target hepatic cells directly. 
Cell cycle arrest is closely associated with apoptosis (28-30), 
and the present study demonstrated that hyperammonemia 
significantly increased the number of cells in the S phase and 
significantly decreased the number of cells in the G2/M phase. 
These results suggested that hyperammonemia arrests cells 
in the S phase, which ultimately leads to a depletion of 
G2/M phase cells.

Cyclin A and D1 have been reported to have an impor-
tant role in various cell processes (31-34). For example, 
previous studies have demonstrated that cyclin A-associated 
kinase mediates hypoxia-induced apoptosis in cardio-
myocytes (31,35,36). Other findings indicated that cyclin D1 
regulates cell progression through the G1/S phase transition of 
the cell cycle, and is a key factor in tumorigenesis (37-39). The 
present study demonstrated that levels of cyclin A and D1 were 
increased in hyperammonemic hepatic cells. In order to explore 
the underlying mechanism of hyperammonemia-induced 
hepatic injury, the expression levels of cyclin A and D1 were 
measured in association with apoptotic signaling pathways, 
and it was demonstrated that hyperammonemia enhanced 
the mRNA and protein expression levels of cyclin A and D1. 
Furthermore, the present study demonstrated that BA values 
were elevated in hyperammonemic rats. As hyperammonemia 
is a consequence of severe HR, BA levels may be elevated 
due to the decreased number of functional hepatocytes in HR 
and, therefore, the ability of the liver to detoxify ammonia is 
compromised (2,21-23). However, the results of the present study 
suggested that hyperammonemia-induced hepatic cell damage 
may occur as a result of apoptosis signaling pathways being 
activated and altering cell cycle progression. Until now, there 
have not been a great number of studies published regarding 
the role of hyperammonemia in hepatic cell apoptosis and cell 
cycle arrest (1,4,20). Therefore, the present study may offer 
novel insights into hyperammonemia-induced hepatic injury. 

In conclusion, the results of the present study suggested that 
hyperammonemia-induced hepatic injury in rats may be caused 
by changes in the expression levels of cyclin A and D1, cell cycle 
arrest and cellular apoptosis. The present study also concludes 
that hyperammonemia appeared to be a causative factor of HF. 
These findings indicate possible mechanisms for hepatic injury 
caused by hyperammonemia, and may provide potential targets 
for treating or preventing further hepatic damage caused by 
hyperammonemia, in particular, hepatic encephalopathy.
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