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Abstract. The renin‑angiotensin‑aldosterone system (RAAS) 
is an important pathway that contributes to the pathophysiology 
of acute liver injury due to paracetamol toxicity. Omapatrilat, 
a RAAS‑acting agent, inhibits both angiotensin converting 
enzyme (ACE) and neprilysin/neutral endopeptidase (NEP). 
The aim of the present study was to investigate the hepatopro‑
tective effects of omapatrilat and examine the role of ACE/NEP 
pathway on the physiopathology of paracetamol toxicity. A 
total of 56 BALB/c mice were separated into seven groups: 
Control, 40 mg/kg omapatrilat only, 400 mg/kg paracetamol 
only, paracetamol and 140 mg/kg N‑acetylcysteine and three 
groups with paracetamol and 10‑40 mg/kg omapatrilat. Blood 
and liver tissue samples were studied through histopatho‑
logical imaging, alanine transaminase (ALT) and aspartate 
transaminase (AST) liver function tests and oxidant/antioxi‑
dant biomarker measurements including superoxide dismutase 
(SOD), glutathione (GSH) and malondialdehyde (MDA). ACE 
and NEP activities were also measured. Histopathological 
analysis revealed that paracetamol toxicity resulted in a 
number of apoptotic and necrotic cells in liver tissue samples. 
By contrast, with 40 mg/kg omapatrilat administration 
in toxicity‑induced mice, hepatocytes were significantly 
improved and exhibited similar appearance to the control 
group. Biochemical measurements also supported these 
histopathological results. Omapatrilat pretreatment provided 
a dose‑dependent reduction in oxidative stress and reversed 

paracetamol toxicity indications by reducing ALT and AST 
activities, increasing SOD activity and GSH levels and 
reducing MDA levels. Dose‑dependent increase of ACE and 
NEP enzymes in omapatrilat groups was also observed. The 
results demonstrated promotion of antioxidant activity by 
omapatrilat and suppression of oxidative stress associated with 
acute liver injury. These findings revealed the potential role of 
ACE/NEP pathway in paracetamol toxicity and hepatoprotec‑
tive effects of omapatrilat against oxidative stress.

Introduction

Paracetamol toxicity is one of the most common causes of 
drug‑induced hepatotoxicity (1) and acute liver failure (2) due 
to the worldwide availability of paracetamol, its affordability 
and widespread use for the treatment of pain and fever (3). A 
number of studies are underway to clarify the pathophysiology 
of paracetamol toxicity and its metabolization and detoxifica‑
tion. Paracetamol is mainly metabolized in the liver through 
conjugation with glucuronic acid and sulfates and is eliminated 
through the urinary system (4). A small amount of paracetamol 
is metabolized by cytochrome P450 isoenzymes, creating 
the extremely toxic metabolite N‑acetyl‑p‑benzoquinone 
imine (NAPQI). This metabolite significantly depletes gluta‑
thione (GSH) reserves (5,6) and binds covalently to hepatocyte 
membrane proteins. The standard treatment against this 
mechanism is N‑Acetylcysteine (NAC), which is a precursor 
influencing GSH formation and preventing acute liver injury 
resulting from NAPQI. However, details of this underlying 
toxicity mechanism remain to be elucidated (7).

The renin‑angiotensin‑aldosterone system (RAAS) is one 
of the pathways that serves a role in the pathophysiology of 
acute liver injury due paracetamol toxicity. Some studies have 
shown that drugs influencing RAAS have potential preven‑
tive effects against paracetamol‑induced hepatotoxicity (8,9). 
RAAS is a multi‑hormonal system that is known to regulate 
systemic circulatory homoeostasis, but also contributes to 
pathophysiological mechanisms including inflammation 
and oxidative stress (10) as well as the pathogenesis of liver 
fibrosis (11‑13). Angiotensin II (Ang II), a key mediator in 
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RAAS, releases free radical precursor enzymes such as nico‑
tinamide adenine dinucleotide phosphate oxidase and xanthine 
oxidase into vascular structures and leads to increased free 
radicals (14,15). In the gastrointestinal system, increased Ang 
II is shown to promote hepatic inflammation and fibrosis 
during chronic liver disease (16). In addition, reduction in 
Ang II due to inhibition of angiotensin‑converting enzyme 
(ACE) prevents oxidative stress and tissue damage (12,17). For 
instance, captopril, a well‑known ACE inhibitor, is effective 
against paracetamol‑induced hepatotoxicity (18). Similarly, 
aliskiren, which directly inhibits renin by downregulating 
RAAS, is also shown to promote antioxidant activity against 
paracetamol toxicity (19). As such, inhibition of ACE may 
potentially prove effective against paracetamol toxicity.

In addition to ACE, the vasoconstrictive response due to 
RAAS can also be modulated by neprilysin/neutral endopepti‑
dase (NEP), an enzyme that degrades natriuretic peptides (20). 
Of these peptides, the concentration of atrial natriuretic peptide 
(ANP) increases due to NEP inhibition (21). ANP also prevents 
liver damage and mediates hepatoprotective action (22), as well 
as promoting antioxidant activity by enhancing the resistance 
of hepatocytes against reactive oxygen species (23). ANP is 
also known to inhibit the RAAS pathway (24). Consequently, 
an agent able to inhibit both ACE and NEP could provide 
even stronger hepatoprotection, which has not been studied 
or experimentally demonstrated previously, to the best of the 
authors' knowledge.

Omapatrilat, originally proposed as an antihypertensive 
agent (25), is a recently developed drug with effects on the 
RAAS pathway. Studies so far have shown that omapatrilat 
can prevent endothelial dysfunction (26), provide cardio‑
vascular and kidney protection and reduce fibrosis (27,28). 
In contrast to the aforementioned drugs influencing RAAS, 
omapatrilat also inhibits NEP. The increase in natriuretic 
peptides due to this NEP inhibition and the decrease in 
Ang II by ACE inhibition both have beneficial effects in 
sepsis, as indicated by reductions in inflammation and 
oxidative stress (29‑31). This combined inhibition of ACE 
and NEP suggests omapatrilat's hepatoprotective potential 
against paracetamol‑induced toxicity. The present study 
aimed to investigate possible effects of omapatrilat's simul‑
taneous ACE and NEP inhibition on hepatic pathology and 
study omapatrilat as a potential therapeutic target against 
paracetamol toxicity and acute liver injury for the first time, 
to the best of the authors' knowledge.

Materials and methods

Chemicals. Paracetamol, thiopental sodium, N‑acetylcysteine 
and omapatrilat were purchased from Doğa Ilaç Hammaddeleri 
Tic. Ltd. Şti, IE. Ulagay Ilac Sanayii Turk A.S., Hüsnü Arsan 
İlaçları and Sigma‑Aldrich (Merck KGaA), respectively.

Animals and drug regimen. A total of 56 BALB/c mice aged 
14‑15 weeks and weighing 30‑35 g were housed in stainless 
steel cages under standard conditions (I12‑h light/dark cycle; 
21±2˚C and 55% relative humidity) and were given standard 
pellet feed and water ad libitum. All animal protocols were 
approved by Experimental Animal Ethics Committee of 
Ataturk University (approval no. 04.05.2018/108). The mice 

were fasted overnight, separated into seven groups (n=8) 
and administered the following chemicals according to the 
schedule depicted in Fig. 1.

Group 1: Control; Group 2 (OMA): Omapatrilat 
(40 mg/kg); Group 3 (PARA): Paracetamol (400 mg/kg); 
Group 4 (PARA + NAC): Paracetamol (400 mg/kg) + NAC 
(140 mg/kg, 2 doses); Group 5 (PARA + OMA10): Paracetamol 
(400 mg/kg) + omapatrilat (10 mg/kg), Group 6 (PARA + 
OMA20): Paracetamol (400 mg/kg) + omapatrilat (20 mg/kg); 
Group 7 (PARA + OMA40): Paracetamol (400 mg/kg) + 
omapatrilat (40 mg/kg).

All chemicals were administered orally by gastric gavage. 
Omapatrilat was administered at 10, 20 and 40 mg/kg doses, 
according to previous experimental studies which showed 
that omapatrilat can influence oxidative stress parameters at 
similar doses (31‑33). For NAC, two doses were administered 
at 140 mg/kg each, as per its recommended therapeutic applica‑
tion against paracetamol poisoning (7,34). After 1 h following 
pretreatment (32,34,35) by omapatrilat or NAC, paracetamol 
was administered at 400 mg/kg, the standard dosage used 
in acute liver injury models (35‑37). To avoid drug‑food 
interactions, overnight fasting was applied (38,39). The mice 
were also fasted for 4 h after paracetamol administration to 
avoid possible interactions that could change drug bioavail‑
ability between groups. Finally, 24 h after paracetamol was 
administered, mice were given a 50 mg/kg dose of thiopental 
(intraperitoneal) anesthesia. Blood samples were collected 
into heparinized bottles by cardiac puncture, as is recom‑
mended for terminal stage of the study to collect a single, 
good quality and large volume of blood from the experimental 
animals. A total of ~1‑2 ml of blood per mouse was collected 
by thoracotomy, which caused mortality. Livers were removed 
immediately after sacrifice.

Histopathological imaging. Liver tissue samples obtained 
from six mice per group were fixed in 10% formalin solution 
for 48 h at room temperature (22‑24˚C), dehydrated using 
alcohols with increasing concentrations and cleared in xylene. 
In histopathological analyses, occasionally tissues can be lost 
during paraffinization and/or staining procedures. Multiple 
slides were made from each tissue, and histopathological 
damage was scored and analyzed after the best slides were 
selected. Samples were embedded in paraffin and sectioned 
to 5 µm slices using a Leica RM2235 microtome and dispos‑
able Leica 819 metal blades. The sections were stained with 
hematoxylin (5 min) and eosin (2 min) at room temperature 
(22‑24˚C) and imaged using a light microscope. Images were 
then evaluated for the severity of tissue damage by an indepen‑
dent researcher who was blinded to the treatment groups, using 
the following scores: Apoptotic and necrotic cells in 5 different 
areas in each organ were counted and scored as 0 if apoptotic 
and necrotic cells were absent (0%), 1 for few (0‑33%), 2 for 
moderate (33‑66%) and 3 for more (66‑100%). This score for 
each animal in each group was evaluated statistically based 
on the scores obtained from each slide. Necrotic cells are a 
form of cell swelling (oncosis) and burst due to loss of osmotic 
pressure. Apoptotic cells loose cell contacts and changes 
shape. Chromatin condenses in the nucleus and moves toward 
the nuclear envelope. Loss of water results in significant cell 
shrinkage and blebbing of the plasma membrane with little or 
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no morphological changes to the other cellular organelles. The 
present study defined cells as apoptotic and necrotic according 
to these criteria, in the light of previous literature (7,38).

Biochemical measurements. In biochemical analyses there 
were seven samples for Control, eight samples for control + 
OMA and six samples for the rest of all PARA groups. The 
reason why there were different numbers of serum samples 
was loss of samples during collection (as a result of hemolysis). 
Serum samples were separated by a 10 min 1,800 x g centri‑
fuge at 4˚C within 1 h of collection and were stored at ‑86˚C. 
For hepatic function assessment, alanine transaminase (ALT) 
and aspartate transaminase (AST) activities were character‑
ized using Wuhan USCN Business Co., Ltd. ELISA kits (cat. 
nos. E90207Ra and E91214Ra) according to the manufactur‑
er's instructions. Approximately 75 mg of ground liver tissue 
was homogenized in 1 ml of phosphate‑buffered saline (PBS) 
using a homogenizer (TissueLyser II; Qiagen GmbH) and 
then centrifuged at (4˚C) 1,500 x g for 15 min. Total protein 
concentrations were measured using the Lowry method (total 
protein kit; cat. no. TP0300‑1KT; MilliporeSigma). GSH 
levels were determined using an Mouse GSH ELISA kit (cat. 
no. E13068m; Cusabio Technology LLC) according to the 
manufacturer's instructions. Superoxide dismutase (SOD) 
activity (40) and malondialdehyde (MDA) levels (41) were 
measured manually from the supernatants, according to modi‑
fied methods of the ELISA reader as previously described (42). 
Finally, levels of ACE (cat. no. E04492m; Cusabio Technology 
LLC) and NEP were measured (in ng/ml and pg/ml) using 
ELISA kits (cat. no. YLA1760MO; Shanghai YL Biotech Co., 
Ltd.) with a BioTek Epoch Microplate Spectrophotometer.

Statistical analyses. Results from biochemical measurements 
were analyzed using one‑way analysis of variance (ANOVA) 
and Tukey's multiple comparison test using SPSS (version 20; 
IBM) and expressed as mean ± standard deviations. When 
the CONTROL group was compared with the other groups, 
*P<0.05, **P<0.01 and ***P<0.001 marks were used; when the 
PARA group was compared with the other groups, &P<0.05, 
&&P<0.01 and &&&P<0.001 symbols were used and when the 
PARA + OMA groups are compared within themselves, 
#P<0.05, ##P<0.01 and ###P<0.001 marks were used.

Results from histopathological scoring were analyzed 
using Kruskal‑Wallis followed by Dunn's test using SPSS 

(version 20; IBM), expressed as minimum to maximum. 
When the PARA group was compared with the other groups, 
&P<0.05, &&P<0.01 and &&&P<0.001 symbols were used.

P<0.05 was considered to indicate a statistically significant 
difference.

Results

With omapatrilat administration in the OMA40 group 
(group 2), no adverse effects that would have prompted the 
discontinuation of this study were observed (such as >15% 
weight loss and/or the loss of the ability to walk or properly 
consume food/water).

Histopathological results. Samples of micrographs of the liver 
slices are shown in Fig. 2. There were no visible differences 
between the tissues extracted from mice that belonged to the 
same experimental group. All hepatic lobules in the Control 
group (group 1) presented normal size and morphology with 
healthy portal triads and central veins. No histopathological 
anomalies were observed for the hepatocytes and sinusoids 
in this group. Images from the OMA40 group (group 2) also 
showed similar portal triads, central veins, hepatocytes and 
sinusoids as the Control group, with no histopathological 
findings. By contrast, significant damage was observed in the 
lobules of the PARA group (group 3). A number of apoptotic 
cells with pyknotic nuclei and necrotic cells with abundant 
eosinophilic cytoplasm were recorded among the hepatocytes 
surrounding the portal vein. With the standard NAC treatment, 
a smaller number of apoptotic and necrotic cells were observed, 
despite some still remaining near the central vein. Compared 
to the PARA group, samples from the PARA + OMA10 group 
(10 mg/kg omapatrilat; group 5) showed fewer apoptotic and 
necrotic cells. This group exhibited sinusoidal dilatation and 
erythrocyte infiltration around the portal area. With 20 mg/kg 
omapatrilat (PARA + OMA20; group 6), significant differences 
from the PARA group were observed. Some eosinophilic cells 
were observed around the central vein, similar to the results 
from the PARA + NAC group (group 4). Finally, PARA + 
OMA40 group micrographs (40 mg/kg omapatrilat; group 7) 
showed no histopathological anomalies, with hepatocytes 
exhibiting almost identical appearance to those in the Control 
group. These assessments are summarized with comparative 
scores in Fig. 3 with relative indications of damage severity 

Figure 1. Schematic representation of drug regimen and scheduling. 
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due to apoptotic and necrotic cells. From the histopathological 
scoring results it was determined that PARA group had the 
highest number of necrotic and apoptotic cells. A 40 mg/kg 
dose of OMA decreased these cell scores significantly. NAC 
and OMA20 groups has decreased number of apoptotic cells 
when compared to PARA group; however these comparisons 
were borderline significant (P=0.0501 for PARA + NAC and 
PARA + OMA20 groups when compared to PARA according 
to Dunn's test).

Biochemical results. According the liver function tests, 
significant increases in the serum activities of ALT and 
AST were observed in the PARA group compared with 
the Control and OMA40 groups, as shown in Fig. 4. The 
specific treatment was found to reduce ALT and AST activi‑
ties in the PARA + NAC group, bringing them closer to 
those observed in the Control group. In groups pretreated 
with omapatrilat, it was seen that increasing omapatrilat 
dosage gradually reduced the ALT and AST activities, with 
the PARA + OMA40 group being the closest to the Control 
group. Comparing PARA + NAC and PARA + OMA 

administered groups, it was determined that 40 mg/kg dose 
of omapatrilat showed the closest results to the NAC‑treated 
group. However, PARA + NAC administered group still had 
significantly lower AST and ALT levels than those in the 
PARA + OMA40 group.

As shown in Fig. 5, SOD activity and GSH levels in 
control and OMA40 groups were also statistically similar. 
Administration of paracetamol significantly reduced the SOD 
activity and the GSH level due to toxicity. This reduction was 
reversed with NAC pretreatment in the PARA + NAC group. 
Of the groups pretreated with omapatrilat, with increasing 
omapatrilat dosage from 10 to 40 mg/kg, it was seen that SOD 
activity and GSH level increased towards that measured in 

Figure 2. Micrographs of liver sections with hematoxylin & eosin stain in 
mice groups. Scale bar, 100 µm. Group 1: Control; Group 2 omapatrilat 
(40 mg/kg); Group 3 paracetamol (400 mg/kg); Group 4 paracetamol 
(400 mg/kg) + N‑Acetylcysteine (140 mg/kg, 2 doses); Group 5 paracetamol 
(400 mg/kg) + omapatrilat (10 mg/kg), Group 6 paracetamol (400 mg/kg) 
+ omapatrilat (20 mg/kg); Group 7 paracetamol (400 mg/kg) + omapatrilat 
(40 mg/kg). CV, central vein; H, hepatocytes; NC, necrotic cells; AC, apop‑
totic cells. Figure 3. Histopathological scoring for comparative analysis of the damage 

resulting from paracetamol toxicity and omapatrilat treatment (n=6 for all 
groups). (A) Apoptotic cell number score, (B) necrotic cell number score 
from negative (0) to severe (3). Results from histopathological scoring 
were analyzed using Kruskal‑Wallis followed by Dunn's test, expressed as 
minimum to maximum. *P<0.05 and ***P<0.001 PARA vs. other groups. 
For apoptotic cells NAC and OMA20 groups had decreased number of cells 
when compared to PARA group however these comparisons were border‑
line significant (P=0.0501 for PARA + NAC and PARA + OMA20 groups 
when compared to PARA according to Dunn's test). NAC, N‑Acetylcysteine; 
PARA, paracetamol (400 mg/kg); OMA20, omapatrilat (20 mg/kg). 
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the control group, with the PARA + OMA40 group exhibiting 
the closest SOD and GSH levels to the control and OMA40 
groups. Measurements of the oxidative stress biomarker 
MDA yielded similar results. Due to toxicity, introduction of 
paracetamol significantly increased the MDA level that was 
lower in the Control and OMA40 groups. Specific pretreat‑
ment in the PARA + NAC group also yielded results similar to 
the Control group. As with SOD and GSH, of the three groups 
pretreated with omapatrilat, PARA + OMA40 showed the 
closest results to the Control group, with increasing omapa‑
trilat dosage gradually reversing the increase in the MDA 
level. Comparing the oxidative stress parameters and antioxi‑
dant status of PARA + NAC and PARA + OMA administered 
groups, it was determined that 40 mg/kg dose of omapatrilat 
was closest to the NAC‑treated group. There was no significant 
difference between SOD and MDA levels in the PARA + NAC 
and PARA + OMA40 groups. Moreover, in comparison to the 
PARA group, the PARA + NAC group had increased GSH 

Figure 4. The effects of paracetamol toxicity and omapatrilat treatment on 
the serum activities of (A) ALT and (B) AST enzymes. Results are plotted 
as mean ± standard deviations (n=7 for Control, n=8 for control + OMA and 
n=6 for rest of all PARA groups). ***P<0.001 PARA vs. other groups. ALT, 
alanine transaminase; AST, aspartate transaminase; OMA, omapatrilat; 
PARA, paracetamol (400 mg/kg). 

Figure 5. The effects of paracetamol toxicity and omapatrilat treatment on 
antioxidant/oxidant biomarkers (A) SOD, (B) GSH and (C) MDA. Results 
are plotted as mean ± standard deviations (n=7 for Control, n=8 for Control 
+ OMA and n=6 for rest of all PARA groups). ***P<0.001 PARA vs. other 
groups. SOD, superoxide dismutase; GSH, glutathione; MDA, malondialde‑
hyde; OMA, omapatrilat; PARA, paracetamol (400 mg/kg). 
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levels matching that of healthy mice. The next highest GSH 
levels were measured in the PARA + OMA40 group, below the 
control and PARA + NAC groups.

ACE and NEP levels shown in Fig. 6 were statistically 
higher in the PARA group than the Control and were both 
reduced by the standard treatment in the PARA + NAC group. 
In comparison to the control group, statistical increases in 
both ACE and NEP activities were observed with increasing 
omapatrilat dosage. All doses of omapatrilat resulted in 
significantly higher levels of ACE and NEP when compared 
with the PARA + NAC group.

Discussion

The present study investigated the protective effects of 
omapatrilat against paracetamol‑induced hepatotoxicity. It 
was found that omapatrilat suppressed the acute liver damage 
caused by paracetamol, as evidenced by the histopathological 
results and the measurements of biochemical indicators. The 
histopathological results showed that in the case of specific 
treatment by NAC, no damaged cells were found, whereas 
the samples from the paracetamol toxicity group contained 
numerous apoptotic and necrotic cells. In groups pretreated 
with omapatrilat, histopathological results approached those 
of the Control group with increasing omapatrilat dosage. At 
40 mg/kg of omapatrilat dosage, the tissue samples closely 
resembled the Control group and no histopathological findings 
were recorded. Also in the histopathological scoring results, 
the highest necrotic and apoptotic cell scores were determined 
in PARA groups. When PARA + NAC and PARA + OMA40 
groups were evaluated, it demonstrated significant decrease 
in apoptotic and necrotic cell ratios. These findings were 
supported with biochemical analyses in which AST and ALT, 
serum biomarkers of liver function, were measured.

ALT and AST are enzymes synthesized in hepatocytes and 
are used in the evaluation of hepatocellular damage and are 
sensitive markers for the diagnosis of liver diseases. Previous 
studies have demonstrated significant changes in ALT and AST 
activities due to oxidative stress and liver damage resulting 
from the intake of toxic doses of paracetamol. For instance, 
paracetamol poisoning was shown to increase ALT and AST 
activities in rabbits (43). Another study on the effects of ACE 
inhibitor enalapril on paracetamol‑induced liver damage has 
found significantly reduced ALT and AST activities in mice 
treated with enalapril (44). The present study investigated the 
effects of another ACE inhibitor, omapatrilat, on ALT and AST 
activities. The results also indicated that paracetamol adminis‑
tration results in much higher ALT and AST activities due to 
liver damage. The reduction of these enzymes with omapatrilat 
pretreatment towards those measured in the Control group is 
the primary evidence of omapatrilat's hepatoprotective activity.

Oxidative stress occurs because of increased free radical 
production, weakening antioxidant defense and a shift in the 
balance between oxidants and antioxidants in favor of oxidants. 
Oxidative stress and its biomarker MDA are also associated 
with paracetamol‑induced liver damage (7). Paracetamol 
toxicity promotes reactive oxygen species production and 
initiates lipid peroxidation which causes tissue damage by 
affecting membrane structure and cell contents (45). As MDA 
is one of the end products of lipid peroxidation, elevated MDA 

levels in the paracetamol toxicity group of the present study 
indicated oxidative stress‑induced liver damage. As such, 
the reduction in the MDA levels for the omapatrilat groups 
demonstrated reduced oxidative stress and a strong hepatopro‑
tective response by omapatrilat.

Glutathione (GSH), a crucial antioxidant, protects cells 
against oxidative damage by reacting with free radicals and 
peroxides (46). It is known that the amount of GSH significantly 
drops with paracetamol overdose and that N‑acetylcysteine 
is the standard treatment for toxicity due to this glutathione 
depletion (47). This drop in GSH levels was also confirmed 
in the PARA group in the present study. Its measurements 
revealed that, with increasing omapatrilat dosage from 10 to 
40 mg/kg, GSH content significantly increased. According to 
these results, it can be concluded that the increased amount 
of GSH prevented liver damage due to oxidative stress and 
renders the toxic metabolite NAPQI harmless.

Figure 6. The effects of paracetamol toxicity and omapatrilat treatment on 
(A) ACE and (B) NEP activities. Results are plotted as mean ± standard 
deviations (n=7 for Control, n=8 for control + OMA and n=6 for rest of all 
PARA groups). Differences among experimental groups were considered to 
be significant (P<0.05). ***P<0.001 PARA vs. other groups. ACE, angiotensin 
converting enzyme; NEP, neprilysin/neutral endopeptidase; OMA, omapa‑
trilat; PARA, paracetamol (400 mg/kg). 
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SOD measurements also confirmed these findings and 
proved the effectivity of omapatrilat against paracetamol 
toxicity. As SOD is an antioxidant enzyme, similar to the GSH 
measurements, SOD activity was also found to significantly 
decrease with paracetamol toxicity. As with GSH, increasing 
omapatrilat dosage also increased the SOD activity, with the 
PARA + OMA40 group approaching the Control group the 
closest. It has previously been shown that antioxidant activity 
in thiol‑carrying antioxidants is directly influenced by the 
specific number of thiol groups and the oxidation state of 
sulfur atoms in the antioxidant molecule (48). Therefore, in 
addition to the antioxidant increase observed with the MDA, 
GSH and SOD results, the existence of a thiol group in omapa‑
trilat may also contribute to the reduction of oxidative stress 
by promoting antioxidant activity.

Previous studies have found drugs effecting RAAS such 
as enalapril and aliskiren successful in increasing anti‑
oxidant levels and preventing liver damage due to oxidative 
stress (19,44). Of these drugs, omapatrilat, a more recently 
developed RAAS‑acting agent, is the first one that is known 
to inhibit both ACE and NEP enzymes simultaneously. As 
such, the present study investigated the possible effects of 
ACE/NEP pathway on acute liver injury due to paracetamol 
toxicity and noted significant increases in the activities of both 
enzymes in the PARA group. This increase in ACE and NEP 
activities can be interpreted as a defense mechanism accompa‑
nying liver damage. Similar increases in ACE activity are also 

reported in case of acute pancreatitis in which the activation of 
local RAAS components in peripheral tissues are interpreted 
as differential mechanisms for regulation of physiological 
and pathophysiological functions (49). The potential patho‑
physiological role of increased ACE activity in acute coronary 
syndrome has also been previously shown (50). These earlier 
studies support our results that ACE activity can be influenced 
by acute phenomena. Moreover, the continued dose‑dependent 
increase of ACE and NEP enzymes in omapatrilat groups may 
indicate deterioration of the negative feedback mechanism 
controlled by Ang II. These findings reveal the role of ACE 
and NEP enzymes and the preventive effects of omapatrilat in 
paracetamol toxicity.

There were limitations to the present study: i) Administration 
of omapatrilat before paracetamol demonstrated its protective 
effect, rather than its curative effect, on paracetamol‑induced 
hepatotoxicity; ii) Lack of investigation on the potential 
combined effects between omapatrilat and NAC before and 
after paracetamol toxicity; and iii) the lack of molecular assays 
(immunofluorescence or western blotting) for the assessment 
of both ROS signaling and ACE‑NEP pathway.

In summary, the results indicated that omapatrilat can be 
an effective hepatoprotective drug for paracetamol‑induced 
hepatotoxicity. It showed that toxicity‑induced mice 
pretreated with 40 mg/kg omapatrilat exhibited histopatho‑
logical and biochemical results similar to the control group. 
It also showed that highest dose of omapatrilat (40 mg/kg) 

Figure 7. Graphical abstract of hypothesis and findings. 
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resulted in similar protective effects as NAC. Omapatrilat, 
acting through the ACE/NEP pathway, demonstrated 
beneficial effects by correcting the antioxidant parameters 
and the GSH depletion resulting from paracetamol toxicity. 
Additionally, it was found that omapatrilat increased the anti‑
oxidant SOD activity and reduced the MDA oxidant levels 
by suppressing the oxidative stress associated with acute 
liver injury. Moreover, increase of ACE and NEP enzymes 
in omapatrilat groups may indicate deterioration of the nega‑
tive feedback mechanism controlled by Ang II (Fig. 7). These 
measurements indicated the potential hepatoprotective effects 
of the ACE/NEP pathway on physiopathology of paracetamol 
toxicity. The aim of the present study our was not directly 
to suggest omapatrilat as a first aid agent after paracetamol 
toxicity, but to investigate possible contribution of ACE/NEP 
pathway during paracetamol toxicity. The present study 
cannot conclude that omapatrilat as an antidote but it shed 
light for future studies on omapatrilat and also other new 
agents targeting the ACE/NEP pathway.
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