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The toxicity of acetaminophen (N-acetyl-para-aminophenol (APAP)) is the most frequent cause of drug-induced
liver damage. Galium aparine L. (GA) is traditionally used to treat jaundice. We aimed to investigate the hep-
atoprotective potential of GA in the APAP-induced hepatic encephalopathy (HE) rat model. Qualitative phyto-
chemical characterization of GA was performed by LC/Q-TOF/MS analysis. Wistar rats were pretreated with GA
(250 and 500 mg/kg b.wt. per oral) for five days. On the 6th day, the rats were exposed to APAP (1500 mg/kg b.
wt. oral gavage) and behavioral tests (open field and passive avoidance tests) were applied on the 7th and 8th
days. The animals were killed, and biochemical and histopathological parameters were assessed in blood and
hepatic specimens. GA pretreated rats exhibited a significant reduction in APAP-induced liver damage, evidenced
by the reduction in liver necrosis and alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
bilirubin (BIL). GA demonstrated an anxiolytic effect, as seen in the acquisition trial and grooming behavior. The
short-term memory performances of animals were not changed in all groups, suggesting that APAP intoxication
did not affect hippocampal function. These results show that GA extract markedly exerts hepatoprotective ac-
tivity, while its effect on hepatic encephalopathy was limited.

1. Introduction

Acetaminophen (N-acetyl-para-aminophenol (APAP)) is one of the
most widely used over-the-counter drugs to treat pain and fever. How-
ever, APAP toxicity is one of the common causes of drug-induced liver
damage and acute liver failure, making it a significant public health
concern [1]. Despite being considered safe in therapeutic doses, APAP
can lead to severe hepatic necrosis in cases of deliberate or accidental
overdose [2].

At the therapeutic doses, APAP is primarily metabolized in the liver
via the processes of glucuronidation and sulfation to nontoxic metabo-
lites, while a residual small fraction is metabolized by the cytochrome

P450 (CYP450) system to form a chemically reactive metabolite, n-
acetyl-pbenzoquinoneimine (NAPQI) [3]. NAPQI then reacts with
glutathione (GSH), an intracellular natural antioxidant, forming
non-toxic conjugates that will be excreted [4]. However, when APAP is
taken in high doses, it causes the rise of toxic NAPQI generation which
depletes hepatic GSH levels, and as a result, leading to necrotic cell
death in the liver [5]. It has been suggested that APAP-induced hepatic
injury is characterized by some pathological cellular changes including
oxidative stress, DNA fragmentation, and mitochondrial dysfunction in
the liver [6]. Moreover, hepatocellular dysfunction impairs the clear-
ance of ammonia via the urea cycle in the liver, leading to its accumu-
lation in the brain at toxic levels, an ailment known as hepatic

Abbreviations: APAP, Acetaminophen; GA, Galium aparine L.; HE, Hepatic encephalopathy; AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; BIL,
Bilirubin; CYP450, Cytochrome P450; NAPQI, N-acetyl-pbenzoquinoneimine; GSH, Glutathione; GC/MS, Gas Chromatography/Mass Spectrometry; LC-Q-TOF-MS,

Quadrupole time of flight mass spectrometry.
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Table 1
Compounds detected in Galium aparine methanolic extract obtained by LC-Q-
TOF-MS.

Peak Retention Molecular m/z Compound

No Time (min) Formula

1 1.733 C7H1206 191,0555  Quinic acid

2 2.135 CHO 147,0287 Citramalic acid

3 3.206 C13H16010 331,0672  1-O-Galloyl-beta-p-
glucose

4 3.844 C10HgO4 193,0505  5,7-Dihydroxy-4-
Methylcoumarin

5 3.875 C16H22011 389,1077 Monotropein

6 7.356 C16H1809 353,0881 Chlorogenic acid

8 11.238 C16H1809 353,0871 Chlorogenic acid
isomer

9 12.309 C33H40021 771,1986 Quercetin Derivative

10 14.384 C16H180g 337,0933 p-coumaroyl quinic
acid

11 19.805 Ca7H30016 609,1466  Rutin

12 25.427 Ci15H1006 285,0405  Luteolin

13 25.762 C11H1204 207,0659 Dimethylcaffeic acid

14 26.601 Cy5H100s 271,0599  Apigenin

encephalopathy (HE) [7]. Earlier studies showed that HE caused by
acute hepatic damage occurs following an overdose of APAP in both rats
and humans [8], rats [9], and mice [10]. HE is characterized by psy-
chiatric, cognitive, and motor disorders, and the synergistic relationship
between ammonia, inflammation, and oxidative stress in its pathogen-
esis are well known [11-13]. Importantly, HE is associated with a high
healthcare burden because of frequent hospitalization, and contributes
significantly to impaired quality of life, morbidity, and mortality [14].

Galium aparine L. (GA) is an annual plant of the Rubiaceae family.
The Galium genus has been widely represented in Turkey by 101 species
[15]. In Anatolia, Galium species are known as “Yogurt herb” due to
traditionally used to coagulate milk during manufacturing cheese. GA is
also used in folk medicine to treat lymph swellings, fever, cancer, hy-
pertension, gout, epilepsy, and wound healing [16,17]. Moreover, it has
been reported that some galium species are used to treat hepatitis and
jaundice [18-20]. It is noteworthy that GA is widely used to treat
jaundice [21,22]. Khan et al. reported that a mixture of GA, Berberis
lycium, and Pistacia integerrima have hepatoprotective effects in carbon
tetrachloride-treated rats [23]. Phytochemical investigations revealed
that the bioactive components of GA are tannins, polyphenolic acids,
alkanes, iridoids, anthraquinone, flavonoids, and vitamin C [16]. Pre-
vious in-vitro and in-vivo studies revealed that different extracts of GA
have antimicrobial, antioxidant, immunomodulatory, and anticancer

Table 2
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effects [16,17,24,25]. Based on the above-established reports on the
radical scavenging and immiinomudulatory effects of the natural anti-
oxidant compounds found in the GA, it is reasonable to suggest that it
may contribute to the significant hepatoprotective activity. Therefore,
this study aimed to investigate the hepatoprotective potential of GA in
the APAP-induced HE rat model.

2. Materials and methods
2.1. Plant material

Galium aparine L. plants at the flowering stage were collected from
nearby Yapildac village, Ezine district, June 06, 2019, (50-100 m),
Canakkale, Turkey. The taxonomic identification of plant materials was
confirmed by a senior plant taxonomist, H. Askin Akpulat, in the
Department of Biology, Cumhuriyet University, Sivas, Turkey. Due to its
unique nature, we conducted our research with a careful collection,
thereby using limited material in order to avoid causing damage to this
species. The voucher specimen has been deposited at the Herbarium of
the Department of Biology, Cumhuriyet University, Sivas-Turkey
(CUFH-Voucher nos. AA 7390 respectively).

The extraction process was carried out as follows: The dried plant
was milled to pass through a 200 pm diameter sieve by means of a
hammer mill. The powder (100 g) was extracted in 500 g 65% ethanol
and kept in the dark environment at room temperature for 14 days after
contacting all parts of the plant with the solvent at an equal level. Af-
terward, the mixture was filtered with a vacuum filtration system and
then the supernatant was filtered through a 0.42 pm paper filter to
obtain clear GA extract. Finally, the ethanol in the extract was removed
by the rotary evaporation process and concentrated GA extract was
obtained. The final concentrate of the extract was 60 mg/mL.

2.2. Phytochemical analysis by LC/QTOF/MS

Using a similar method described previously [16], the GA extract
was dissolved with methanol:water (80:20) mixture, it was filtered with
a 0.45 mm membrane filter, and tested directly by LC/QTOF-MS (Agi-
lent Accurate Mass 6530). (Table 1).

2.3. GC-MS analysis

GC-mass spectrometry (GC-MS-QP2010 Ultra; Shimadzu Corpora-
tion, Kyoto, Japan) was used to identify phytochemical compounds. The
determination of the structure of the compounds was undertaken using

GC/MS analysis of GA methanolic extract. The table reports the most abundant identified compounds in retention time (tR) order. Interpretation of mass spectrum of

GC-MS was conducted using the database of W10N14 and given as % similarity.

Molecular weight Molecular Formula W10N14 match (similarity, %)

Compound Retention Time (min)
N-Methoxy-N-methylacetamide 4.180
2-Propenoic acid, methyl ester 4.624
1,2,3-Propanetriol (CAS) 5.057
Methyl 2-Oxopropanoate 5.762
2-Furanmethanol 7.968
2(3H)-Furanone, dihydro- 9.970
2(5H)-Furanone 10.028
6-Oxa-bicyclo[3.1.0] hexan-3-one 10.459
2-acetyl-2-hydroxy-.gamma.-butyrolactone 17.843
4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 18.121
1,2-Benzenediol 19.983
2-Furancarboxaldehyde, 5-(Hydroxymethyl)- 20.745
2-Methoxy-4-vinylphenol 23.258
2-Propenoic acid, 3-(3,4-dihydroxyphenyl)- 26.731
Hexadecanoic acid 38.786
Hexadecanoic acid, ethyl ester 39.438
9-Octadecynoic acid 42.698
11,14,17-Eicosatrienoic acid, methyl ester 42.830

9-Octadecenamide

103 C4HoNO, 90
86 C4HgO5 84
92 C3HgO3 91
102 C10HgO4 95
98 CsHgO2 95
86 C4He0, 91
84 C4H40, 86
98 CsHgO2 89
144 CeHgO4 84
144 CeHgO4 93
110 CeHe02 88
126 CeHgO3 81
150 CoH1005 81
180 CoHgO4 77
256 CeHgOs 90
284 Ci15H360 82
280 C15H320, 87
320 C21H3602 87

281 C1gH35NO 92
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Fig. 1. Experimental design of the study (created with BioRender.com).

Wiley 10th/NIST 2014 mass spectral library (W10N14; John Wiley &
Sons, Hoboken, NJ, USA), reference specimen, or spectra interpretation.
The compounds defined by GC-MS in the GA MeOH extract sample are
presented in Table 2.

2.4. Drugs

Parol 500 mg (Atabay, Turkey) pills and Sodium Chloride 0.9%
(Polifarma, Turkey) were purchased from the public pharmacy.

2.5. Experimental animals and treatment

The experimental procedures used in this study were approved by
the Institutional Animal Ethical Committee (Approval no:
65202830-050.04.04-563). The Wistar albino rats (body weight ~250
gr, male, normal chow) were purchased from the Cumhuriyet University
Animal Laboratory, Sivas, Turkey. The GA extracts were added to the
water bottles considering the daily water consumption of animals (30
ml/day) [26]. The animals were randomly divided into four groups (6
rats per group) and treated as follows:

(1) Control group; rats that drank only tap water.

(2) APAP group; rats that drank tap water for five days, received a
single dose of APAP per oral (p.o.) on day six.

(3) GA-250 group; rats that drank tap water containing 250 mg/kg of
extract of GA for five days and received a single dose of APAP
with p.o. on day six.

(4) GA-500 group; rats that drank tap water containing 500 mg/kg of
extract of GA for five days and received a single dose of APAP
with p.o. on day six.

To examine the protective effect of GA (groups GA-250 and GA-500),
animals were pretreated with GA for 5 consecutive days. Acute hepa-
totoxicity in rats was induced by a single dose of APAP at a dose level of
1500 mg/kg body weight dissolved in saline on the sixth day by oral
gavage [27]. The rats were starved for 15-16 h before APAP adminis-
tration [28]. Animals’ locomotor activity and cognitive performance
were assessed 24 h after APAP treatment. After the rats were killed by
cervical dislocation, blood and liver samples were collected. The
experimental protocol of the research is presented in Fig. 1.

2.6. Animal behavioral tests

2.6.1. Open-field test

The open field test provides an indication of the animal’s locomotor
activity in an animal model of hyperammonemia and HE. This test also
provides information about the emotional state of the animals. The
apparatus, which consists of a square area divided by 16 small units
(100 cm x 100 cm x 30 cm), allows rats to move freely in the arena for 5
min. While the total number of passed units reflects the level of loco-
motor activity, the number of grooming is expressed as fear states, and
the exploratory activity is defined as the total rearing number [29].

2.6.2. Passive avoidance test

The passive avoidance task includes a fear-exacerbated procedure
assessing rodents’ emotional learning with short- or long-term memory.
The apparatus consists of two chambers, one lighted and the other dark
distinguished by an automatically retractable gate. The floors of the two
rooms the compose of stainless steel rods. In acquisition trial, rats gently
place to light chamber and after 10 s, the door opens. Because of the
rodents have an innate preference for the dark and enclosed environ-
ment, the animal spontaneously walks into the dark part of the appa-
ratus. When the animal enters the dark chamber, the door is shut and the
animal is punished with single low intensity foot shock of 0.5 mA for 5s,
followed by recording of time latencies. After a 24-h period, retention
trial is performed to assess the passive avoidance memory of the rats by
step-through latency. This is the same procedure as the acquisition trial,
except that no shock punishment is given to the animals when they enter
the dark compartment. The criterion for learning is considered an in-
crease in the time latency on the retention trial in comparison with to
acquisition trial [30].

2.7. Biochemical assays

After the blood samples were taken from the inferior vena cava, they
were centrifuged at 3000 rpm for 10 min. The serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and total
bilirubin (BIL) levels were measured with an automated spectrophoto-
metric analyzer (Thermo Fisher Scientific, Altrincham, UK). Values were
expressed in U/L.
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Fig. 2. Effect of pretreatment GA (250 mg/kg and 500 mg/kg, p.o.) on serum AST, ALT, and BIL in APAP (1500 mg/kg, i.p.) acutely intoxicated rats. The data
represent the means + SEM. (n = 6 per group) (*p < .05, compared to the control group; "p < .05, compared to the GA-500 group).

2.8. Histopathological and immunohistochemical evaluation

Liver samples from necropsy rats were fixed in a 10% neutral
formalin solution. Tissues were taken into paraffin blocks after routine
tissue procedures follow-up. Afterward, 5 p tissue sections were stained
with hematoxylin-eosin (H-E). Tissue sections were evaluated under a
light microscope as absent (—), mild (+), moderate (++), severe (+++),
and very severe (++++) in terms of necrosis, hemorrhage, and mono-
nuclear cell infiltration.

Using a similar method described previously [31], 5 pm tissue sec-
tions taken on polylysine slides were passed through the xylol and
alcohol series, washed with PBS, and then kept in 3% H202 for 10 min
to inactivate endogenous peroxidase. It was treated with antigen elim-
ination solution for 2 x 5 minutes at 500 W to reveal the antigen in the
tissues. After the protein block was applied, the tissues washed with PBS
were incubated with 8-OHdG (Santa Cruz, Cat no. sc-66036) and gamma
H2AX (Abcam, Catalog no. ab26350) primary antibodies at 1/200
dilution at room temperature for 45 min. Following staining with Mayer
Hematoxylin, it was coated with entellan, and then the samples were
examined under light microscopy. In the examination, immunoposi-
tivity was assessed as follows: absent (—), mild (4), moderate (+-+),
severe (+++).

2.9. Statistical analysis

Results were expressed as mean + standard error of the mean (SEM).
The Shapiro-Wilk test was performed to determine if the data were
normally distributed. Groups of data were compared with one-way
ANOVA followed by Tukey’s multiple comparison tests. For histopath-
ological examinations, the differences between the groups were deter-
mined by the Kruskal-Wallis test and the different groups were
determined by the Mann-Whitney U test. Differences were considered
statistically significant at the level of p < .05. Statistical analysis was
conducted using the Graph Pad Prism software version 7 (GraphPad
Software, Inc., San Diego, CA, USA).

*

*

w
S

w
8

N

S

%

Number of rearing
(number/5 min)
3

Number of line crossings
(number/5 min)
a4 N
s 8

5[3{—-—1—.

*

1
1

+ & F

3. Results
3.1. Phytochemical identification of GA extract by LC/Q-TOF/MS assay

Biologically active complexes were determined by conducting
qualitative phytochemical assay of GA MEOH extracts. Under the cur-
rent chromatographic/MS conditions, a total of 14 phytochemicals;
Quinic acid, Citramalic acid, 1-O-Galloyl-beta-b-glucose, 5,7-Dihydroxy-
4-Methylcoumarin, Monotropein, Chlorogenic acid, Quercetin deriva-
tive, p-coumaroyl quinic acid, Rutin, Luteolin, Dimethylcaffeic acid, and
Apigenin were identified (Table 2).

3.2. The effect of GA extract on serum liver functions in APAP-induced
HE in rats

Serum AST, ALT, and BIL levels were measured to estimate hepato-
cellular damage. APAP treatment alone increased serum AST levels from
256 + 57.95 to 686 + 75.06 U/L (P = .0023, Fig. 2A), serum ALT levels
from 56 + 3.94 to 680.8 + 59.59 U/L (P =.0001, Fig. 2B) and serum BIL
levels from 0.045 + 0.005 to 0.215 + 0.026 mg/dL (P = .0001, Fig. 2C)
compared to controls; it implied that APAP caused liver dysfunction and
signified the injury to hepatocytes. However, pretreatment of APAP-
induced HE rats with GA (500 mg/kg) showed a significant reduction
in serum AST levels from 686 + 75.06 to 279.7 + 36.19 U/L (APAP vs
GA-500, P = .0038, Fig. 2A), serum ALT levels from 680.8 + 59.59 to
146.2 4+ 38.12 U/L (APAP vs GA-500, P = .0001, Fig. 2B), and serum BIL
levels from 0.215 =+ 0.026 to 0.085 =+ 0.0138 mg/dL (APAP vs GA-500,
P =.0025, Fig. 2C). Likewise, the decrease in serum AST (from 643 +
102.9 to 279.7 + 36.19 U/L; GA-250 vs GA-500, P = .0097, Fig. 2A),
serum ALT (from 577.8 & 77.42 to 146.2 4 38.12 U/L; GA-250 vs GA-
500, P = .0001, Fig. 2B), and serum BIL from 0.202 + 0.032 to 0.085
+ 0.0138 mg/dL (GA-250 vs GA-500, P = .0067, Fig. 2C) levels after
pretreatment of GA 500 mg/kg was statistically significant compared to
pretreatment of GA 250 mg/kg.

Number of grooming
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Control APAP  GA-250 GA-500

Fig. 3. Effect of pretreatment GA (250 mg/kg and 500 mg/kg, p.o.) on number of line crossings, rearing and grooming in APAP (1500 mg/kg, i.p.) acutely
intoxicated rats. The data represent the mean + SEM. (n = 6 per group) (*p < .05, compared to the control group; +p < .05, compared to the GA-500 group).
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Fig. 4. Effect of pretreatment of GA (250 mg/kg and 500 mg/kg, p.o.) on
memory performance during the passive avoidance test in APAP (1500 mg/kg,
i.p.) acutely intoxicated rats. The data represent the mean + SEM. (n = 6 per
group) (*p < .05, compared to the control group).

Table 3

Histopathological injury markers in liver tissues of the groups.
Groups Hemorrhage Mononuclear cell infiltration Necrosis
Control 0,16 + 0,40* 0,16 + 0,40% 0,33 + 0,40?
APAP 2,83 + 0,40° 3,00 + 0,00° 2,83 £ 0,40°
GA-250 2,66 + 0,51° 2,66 + 0,51° 2,83 + 0,40°
GA-500 1,16 + 0,40° 1,83 + 0,40° 1,00 £ 0,00¢

b indicates the difference between groups (p < .05).

3.3. The effect of GA extract on behavioral parameters in APAP-induced
HE in rats

Locomotor activities (number of line crossed) and anxiety levels

Chemico-Biological Interactions 366 (2022) 110119

(grooming and rearing) of animals were assessed by open field test.
Animals’ locomotor activity was significantly reduced in the APAP
group from 29.67 + 1.745 to 6.677 + 1.308 number/5 min (Control vs
APAP, P = .0001), GA-250 group from 29.67 + 1.745 to 8.833 + 1.662
number/5 min (Control vs GA-250, P = .0028) and GA-500 group from
29.67 + 1.745 to 8.833 & 2.04 number/5 min (Control vs GA-500, P =
.0027) (Fig. 3A). Similarly, the number of rearing was remarkably
decreased in the APAP group from 20.33 + 1.606 to 10.33 + 0.882
number/5 min (Control vs APAP, P = .0078), GA-250 group from 20.33
4 1.606 t0 10.17 + 1.276 number/5 min (Control vs GA-250, P =.0071)
and GA-500 group from 20.33 + 1.606 to 10.83 + 0.833 number/5 min
(Control vs GA-500, P = .0219) (Fig. 3B). The number of grooming was
significantly decreased in APAP-treated animals from 3.667 + 0.333 to
1.5 4 0.345 number/5 min (Control vs APAP, P = .0110), while it was
significantly increased in animals pretreated with 500 mg GA from 1.5
=+ 0.345 to 3.333 £ 0.333 number/5 min (APAP vs GA-500, P = .0219)
(Fig. 3C)

The learning/memory abilities of the animals were evaluated by the
passive avoidance test. Interestingly, the latency of rats moving from the
light chamber to the dark chamber on the first day was nearly the same
in all APAP-treated groups (68.83 +13.31's,66.17 &+ 15.51 s, and 65.50
+ 13.85 s5; in APAP, GA-250, and GA-500 groups, respectively), and it
was significantly different from the Control group (14.4 + 4 s) (P =
.0026, P = .0036, P = .0032; APAP, GA-250, and GA-500 compared to
Control group, respectively). In contrast, no significant difference was
found between the groups in terms of the latency of moving from the
light chamber to the dark chamber in the shuttle box, after being
exposed to an electrical shock (300 + 0.0 s, 247.16 + 33.6 s, 250.67 +
31.28 s, and 254.33 + 28.9 s; in Control, APAP, GA-250, and GA-500
groups, respectively) (Fig. 4).

3.4. The effect of GA extract on APAP-induced liver histopathological and
immunohistochemical alterations

Statistically significant differences were found between the groups in
histopathological examinations (Table 3, p < .05). The control group

Fig. 5. Effect of pretreatment of GA (250 mg/kg and 500 mg/kg, p.o.) on liver histopathology in APAP (1500 mg/kg, i.p.) acutely intoxicated rats. A) Control group,
normal histological appearance. B) APAP group, severe hemorrhage (*) and mononuclear cell infiltration (arrowhead). C) GA-250 group, severe hemorrhage (*) and
mononuclear cell infiltration (arrowhead), D) GA-500 group, mild hemorrhage (*) and moderate mononuclear cell infiltration (arrowhead). H-E.
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Fig. 6. Effect of pretreatment of GA (250 mg/kg and 500 mg/kg, p.o.) on liver histopathology in APAP (1500 mg/kg, i.p.) acutely intoxicated rats. A) APAP group.
Severe necrotic hepatocytes (arrowhead). B) GA-250 group. Severe necrotic hepatocytes (arrowhead). C) GA-500 group. Mild necrotic hepatocytes (arrowhead). H-E.

Table 4
Immunohistochemical staining for 8-OHdG and Gamma H2AX in liver tissues of
the study groups.

Groups 8-OHdG Gamma H2AX

Control 0,33 + 0,40% 0,16 + 0,40%

APAP 2,83 + 0,40" 2,16 + 0,40"

GA-250 2,66 + 0,51° 2,33 + 0,517

GA-500 1,83 + 0,40° 1,16 + 0,40°
a,b,c

indicates the difference between groups (p < .05).

had a normal histological appearance. Severe hemorrhage, mononuclear
cell infiltrations, and necrosis were observed in the APAP and GA-250
groups, whereas mononuclear cell infiltrations were moderate, hemor-
rhage and mononuclear cell infiltrations were mild in the GA-500 group
(Figs. 5-6).

Statistically significant differences were found between the groups in
immunohistochemical staining for 8-OHdG and Gamma H2AX (Table 4,
p < .05). Significant 8-OHdG and Gamma H2AX immunopositivity could
not be detected in the control group. While 8-OHdG immunopositivity
was severe in the APAP and GA-250 groups, it was moderate in the GA-
500 group. Gamma H2AX immunopositivity was moderate in the APAP
and GA-250 groups and mild in the GA-500 group. 8-OHdG and Gamma
H2AX immunopositivity were in hepatocytes surrounding the vena
centralis (Figs. 7-8).

4. Discussion

This study sought to investigate the potential beneficial effect of GA
using the APAP-induced HE rat model as a well-established pharmaco-
logically-induced hepatotoxicity model. The current study’s findings
revealed that pretreatment of GA produces protective effects on APAP-
induced hepatotoxicity by improving the serum levels of liver en-
zymes and liver histology changes in rats. However, the therapeutic
effect of GA pretreatment on impaired behavioral parameters induced
by APAP remained limited. Overall, these findings imply that GA has a
hepatoprotective effect.

The serum concentration of transaminase enzymes such as AST and
ALT is often used as a biomarker of hepatic necrosis [32]. Previous
studies showed that APAP overdose leads to liver damage resulting in
higher serum levels of ALT, AST, and BIL [33-37]. Our results corrob-
orate these findings because APAP has led to profound liver damage, as
indicated by elevated liver enzymes AST and ALT and high serum BIL
levels. All these results indicate hepatocyte membrane disruption caused
by high APAP, which leads to cellular leakage, including ALT and AST,
and high levels of these enzymes. Similar hepatotoxic effects caused by
APAP intoxication were also obtained in our histopathological obser-
vations characterized by necrotic cells and oxidative DNA damage
accompanied by 8-OHdG and gamma-H2AX immunopositivity, which
are markers of DNA damage and thus cell death [38,39]. However, when
GA (especially in high dose) was administered before a high dose of
APAP, it reversed these changes in biochemical and histological pa-
rameters suggesting it effectively protected APAP-induced hepatic
damage. This protective ability of GA extract against hepatotoxicity can
be explained by the phytochemicals in its content, such as quercetin,
rutin, luteolin, apigenin, and quinic acid [40-43]. Domitrovi¢ et al.
demonstrated that rutin and quercetin can ameliorate CCl4-induced
acute liver damage [40]. Similarly, Pan et al. reported that rutin at-
tenuates bile duct ligation-induced hepatic fibrosis, inflammation, and
oxidative stress [44]. Luteolin, a flavone, has been shown to protect
against GalN/LPS-induced hepatotoxicity through the regulation of in-
flammatory mediators and phase II enzymes [41]. Another flavonoid,
apigenin, mitigated liver injury by ameliorating inflammation and
oxidative stress through suppression of the non-canonical NF-xB
pathway [42]. Overall, these observations suggest that GA, rich in the
above flavonoids, may be a therapeutic agent for liver damage.

In behavioral studies, it was observed that the administration of
APAP caused different results on the acquisition and retention days of
the passive avoidance test. Interestingly, animals in all groups treated
with APAP were reluctant to enter the dark side of the chamber, which
was manifested by an increase in latency time in the acquisition trial. As
far as we know, APAP has never been reported to have caused such an
effect on passive avoidance testing. Since rodents have an innate pref-
erence for dark and enclosed environments [45], this behavioral
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Fig. 7. Effect of pretreatment of GA (250 mg/kg and 500 mg/kg, p.o.) on liver histopathology in APAP (1500 mg/kg, i.p.) acutely intoxicated rats. A) Control group.
8-OHdG immunonegativity. B) APAP group. Severe 8-OHdG immunopositivity (*). C) GA-250 group. Severe 8-OHdG immunopositivity (*). D) GA-500 group.

Moderate 8-OHdG immunopositivity (*). IHC.

Fig. 8. Effect of pretreatment of GA (250 mg/kg and 500 mg/kg, p.o.) on liver histopathology in APAP (1500 mg/kg, i.p.) acutely intoxicated rats. A) Control group.
Gamma H2AX immunonegativity. B) APAP group. Moderate Gamma H2AX immunopositivity (*). C) GA-250 group. Moderate Gamma H2AX immunopositivity (*).

D) GA-500 group. Mild Gamma H2AX immunopositivity (*).IHC.

disorder points to the devastating effect of APAP intoxication, defined as
HE, on the central nervous system. However, no significant difference
between groups in the retention trial implies that the short-term mem-
ory functions of the animals are not impaired. The data regarding the
effect of HE on the passive avoidance test performance of animals are
inconsistent. Mendez et al. investigated the effect of Type B HE

(portacaval shunt) and Type C HE (cirrhosis by intoxication with thio-
acetamide), two experimental models of HE, on passive avoidance
testing and reported that only Type B had a memory deficit [46]. In
contrast, Hajipour et al. reported a memory deficit in the passive
avoidance test in the thioacetamide-induced HE rat model [47]. This
discrepancy may be due to the fact that the differences in the model of
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HE and the experimental protocols. We propose that a possible expla-
nation for our study’s observed difference between acquisition and
retention trials may be that different brain regions were affected. Passive
avoidance learning involves contextual memory associated with the
hippocampus and amygdala-dependent emotional memory [46]. The
amygdala may be more damaged in the APAP-induced HE model, while
the hippocampus may be relatively less affected. Our data show a sig-
nificant decrease in locomotor activity in all APAP-treated rats. This
observation is in accordance with that of Ommati et al., who reported
that APAP-treated animals have lower open field activity [37]. Our
findings also show that the pretreatment of GA reduces animals’ anxiety
levels, leading to an increase in grooming behavior. The compounds in
the GA extract, such as apigenin and chlorogenic acid, which have
anxiolytic effects, can explain this result [48,49].

In conclusion, this study demonstrates that GA pretreatment signif-
icantly protects against APAP-induced liver damage in a dose-dependent
manner, as demonstrated by improvements in hepatic biochemical and
histopathological parameters. However, it shows that GA pretreatment
partially protects against APAP-induced HE, as demonstrated in
behavioral outcomes. It is worth saying that the effect of GA on the brain
is lower than its hepatic effects, which can be attributed to its ability to
cross the blood-brain barrier partially. Future studies employing cellular
and molecular techniques may help to identify and characterize putative
pathway(s) involved in this protective effect, such as antioxidative,
antiinflammatory, and antiapoptotic.
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