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Abstract: The study evaluated the antioxidant and hepatoprotective potential of the n-butanol extract of Centaurea pungens
(BECP) against carbon tetrachloride (CCl,)-induced hepatotoxicity in Wistar rats. The safety of BECP was demonstrated
through acute cytotoxicity tests and MTT assays. BECP showed in vitro radical scavenging activity. Pretreatment with BECP
(100, 200, and 400 mg/kg) significantly alleviated liver markers in a dose-dependent manner, restoring antioxidant status.
The results suggested that Centaurea pungens exerts strong hepatoprotective effects mediated by bioactive compounds

identified by total phenolic content and LC-MS analysis, supporting its potential in liver disorder treatment.
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INTRODUCTION

The genus Centaurea (Asteraceae) is a large and taxo-
nomically complex group comprising approximately
500 species distributed throughout the Old World [1].
These species are mainly found in the Mediterranean
basin and the Middle East, where they represent an
important component of the regional flora [2]. In
Algeria, the genus is represented by approximately
47 species, including several taxa adapted to arid and
semi-arid environments, with seven species reported
in Saharan regions [3].

Several Centaurea species have long been used
in traditional medicine to treat various ailments, in-
cluding fever, inflammatory disorders, diabetes, and
gastrointestinal diseases such as peptic ulcers [4-6].
Recent pharmacological studies have demonstrated
that many species of this genus possess significant
antioxidant and hepatoprotective activities, mainly
attributed to their high content of phenolic com-
pounds and flavonoids capable of scavenging reactive
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oxygen species and reducing oxidative stress [7-9]. For
example, the n-butanol extract of Centaurea sphaero-
cephala significantly attenuated valproic acid-induced
hepatotoxicity by decreasing lipid peroxidation and
restoring antioxidant enzyme activities [10]. Similarly,
the ethanolic extract of Centaurea behen showed pro-
tective effects against carbon tetrachloride-induced
liver injury through normalization of biochemical
parameters and improvement of liver histology [11].
In addition, extracts of Centaurea incana exhibited
strong antioxidant activity and enhanced endogenous
antioxidant defenses in experimental models of hepatic
injury [12].

Centaurea pungens, commonly known as the
common purple star thistle, is widely distributed in
the Algerian steppe and is traditionally used in folk
medicine for the treatment of respiratory disorders
and inflammatory conditions [13]. Despite its eth-
nomedicinal importance and its belonging to a genus
rich in bioactive phytochemicals, the pharmacological
properties of this species remain poorly investigated.
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The liver plays a central role in maintaining physi-
ological homeostasis through its involvement in metab-
olism, detoxification, and immune functions. Various
factors, including viral infections, alcohol consumption,
toxins, and metabolic disorders, can impair hepatic
function and lead to acute or chronic liver injury
[14]. Carbon tetrachloride (CCly) is widely used as
an experimental hepatotoxin to induce liver damage
in animal models. Its toxicity results from metabolic
activation by the cytochrome P450 system, generating
highly reactive trichloromethyl (CCl;e) radicals that
initiate lipid peroxidation and cause oxidative dam-
age to cellular membranes and macromolecules [15].
This injury is reflected by increased serum levels of
hepatic enzymes such as alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), along
with disruption of the antioxidant defense system,
including enzymes such as superoxide dismutase (SOD)
and catalase (CAT), and increased lipid peroxidation
measured by malondialdehyde (MDA).

Antioxidants play an important role in protecting
biological systems against oxidative damage caused
by free radicals, which are implicated in numerous
pathological conditions, including inflammation, tissue
injury, and neurodegenerative diseases [16]. However,
concerns regarding the potential toxicity of synthetic
antioxidants such as butylated hydroxytoluene (BHT)
and butylated hydroxyanisole (BHA) have encouraged
the search for safer natural alternatives, particularly
plant-derived phytochemicals rich in phenolic com-
pounds [17].

Based on the phytochemical richness reported
for species of the genus Centaurea, it can be hypoth-
esized that the bioactive constituents present in C.
pungens may exert protective effects against oxidative
stress-mediated liver injury. These compounds could
potentially neutralize free radicals generated during
CCl,; metabolism and enhance endogenous antioxidant
defenses, thereby limiting hepatic damage.

To date, no scientific study has investigated the
hepatoprotective activity of C. pungens growing in
Algeria. Therefore, the present study aimed to evaluate
the antioxidant activity and hepatoprotective potential
of the n-butanol extract of the aerial parts of C. pun-
gens (BECP) against CCl,-induced liver injury in rats
by assessing serum biochemical markers (AST, ALT,
ALP), total bilirubin (TBIL), and hepatic antioxidant
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parameters including glutathione (GSH), superoxide
dismutase (SOD), catalase (CAT), glutathione peroxi-
dase (GPx), and malondialdehyde (MDA).

MATERIALS AND METHODS

Ethics statement

All experimental studies were approved by the
Algerian MESRS and DGRSDT Ethics Committee
(DOIN01UN250120230010) and were conducted in
compliance with the National Academy of Sciences
guidelines for the care and use of laboratory animals
(1996) and the European Union Directive 2010/63/EU
on the protection of experimental animals.

Preparation of extract

The dried aerial parts of C. pungens (1,285 g) were
macerated using a hydroalcoholic solution contain-
ing methanol/water (80/20, v/v) at room temperature
for 72 h four times. After filtration, the filtrate was
concentrated and dissolved in 514 mL of water. The
resulting solution was extracted successively with
petroleum ether (1x200 mL), chloroform (CHCI,)
(3x200 mL), ethyl acetate (EtOAc) (3x200 mL), and
n-butanol (n-BuOH) (1x200 mL). Combined solutions
were concentrated under reduced pressure and dried
(PE: 3 g, CHCL,: 8 g, EtOAc: 7 g, n-BuOH: 61 g). The
resulting fractions were stored at -20°C pending fur-
ther analysis. In our investigation, we focused on the
n-BuOH fraction. The n-BuOH fraction (BECP) was
selected due to its enrichment in polar compounds,
including polyhydroxylated flavonoids and glycosides
[13]. The n-BuOH fraction yielded the highest extract
amount (61 g), sufficient for the entire treatment period.

Total phenolic content assay

Total phenolics in the aerial parts of BECP were de-
termined using the Folin-Ciocalteu method with
gallic acid as the standard [18]. An aliquot (0.1 mL)
containing 1 mg of extract was mixed with 46 mL of
distilled water and 1 mL of Folin-Ciocalteu reagent
in a volumetric flask and thoroughly shaken. After
3min, 3mL of a solution of 7% Na2CO3 was added,
and the mixture was allowed to stand for 2 h with
intermittent shaking. Absorbance was measured at
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765 nm. Phenolic concentration was determined from
a gallic acid calibration curve over the linear range of
25-200 pg/mL. Results were expressed as equivalent
gallic acid (ug GAE/mg dried extract).

Total flavonoid content assay

The total flavonoid content of each extract was deter-
mined by a colorimetric method [19]. Each sample
(1 mL) was mixed with 1 mL of aluminum chloride
(AICI3) solution (2%) and allowed to stand for 15 min.
Absorbance of the mixture was then determined at
430 nm versus a prepared methanol blank. Flavonoid
concentration was determined from a quercetin cali-
bration curve over the linear range of 5-400 pg/mL.
Results were expressed as equivalent quercetin (pg
QE/mg dried extract).

LC-MS analysis

We performed liquid chromatography (LC) analy-
ses of BECP using an Accela system (Thermo Fisher
Scientific) equipped with a quaternary pump and a re-
frigerated plate autosampler. A Luna HST column (100
x 2.0 mm, 2.5 pm; Phenomenex, Torrance, CA, USA)
was used. Gradient elution was performed using wa-
ter/0.1% formic acid (solvent A) and acetonitrile/0.1%
formic acid (solvent B) at a flow rate of 0.4 mL/min
with a 5 pL injection volume. An increasing linear
gradient of solvent B was used. The separation was
carried out in 15 min under the following conditions:
Gradient (t (min), %B) = (0, 0), (0.5, 0), (10, 50), (12,
50), (25, 95), (28, 95), (28.5.5, 0), (35, 0). The column
was equilibrated for 5 min before each analysis. An LTQ
Orbitrap Velos triple quadrupole mass spectrometer
was used to obtain mass spectrometry (MS) and MS/
MS data. The Turbo Ion spray source settings were as
follows: capillary voltage, -3500 V; nebulizer gas (N2),
10 (arbitrary units); curtain gas (N2), 12 (arbitrary
units); collision gas (N2), 4 (arbitrary units); focusing
potential, -200 V; input potential, 10 V; drying gas
(N2), heated to 400°C and introduced at a flow rate
of 8000 mL/min. Depriming potential and collision
energy were optimized in the perfusion experiments:
individual standard solutions (10 mg/mL) dissolved
in 50:50 (v/v) mobile phase were infused at a constant
flow rate of 5 mL/min using a syringe pump (Harvard
Apparatus, Holliston, MA, USA). Full-scan acquisition
was performed in profile mode over an m/z range of
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100-1000 using a 2 s cycle time, 0.1 u step size, and
2 ms interscan pause. The wavelengths used during
the analysis were 280 and 320 nm. Data analyses were
performed using XCalibur™ software.

In vitro MTT assay

Cytotoxicity studies were conducted using the MTT
(3-[4,5-dimethylthiazole-2-yl]-2,5 diphenyltetrazolium
bromide) assay [20]. Human hepatocellular carcinoma
(HepG2) cells were used as an in vitro model of hepa-
totoxicity. They were seeded at a density of 3x10° cells/
mL in 96-well plates. Cells were kept in an incubator
for 20 h at 37°C and 5% CO, for proper adhesion before
being exposed to the extract. Cells were cultured in
MEM supplemented with 10% heat-inactivated FBS,
2 mM L-glutamine, 1% non-essential amino acids,
1% sodium pyruvate, 100 U/mL penicillin, and 100
ng/mL streptomycin. The extract was applied at the
concentrations of 3, 30, 300, and 3,000 pug/mL for 24
h. Three wells were used per concentration, six for
the negative control, and three for the medium con-
trol. After exposure, cells were washed with PBS and
exposed to 0.5 mg/mL of MTT solution for 3 h. The
MTT solution was then removed by washing twice
with PBS. The formazan salt produced in the MTT
reaction was dissolved in 0.1 mL of DMSO. Finally,
the absorbance of each well was read at 570 nm with
an automatic 96-well plate spectrophotometer. The
percentage of mortality was calculated by subtracting
the percentage of cell viability from 100%. Means and
standard deviations (SD) of mortality were calculated.

In vitro antioxidant activity
DPPH assay

The DPPH free radical scavenging activity was esti-
mated according to [21]. OnemL of 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH) prepared in methanol (0.1 mM)
was added to 1 mL of extracts in different concentra-
tions (50-1,200 ug/mL) and left to stand in the dark
for 10 min. The absorbance of the final solution was
taken spectrophotometrically at 520 nm against a
blank of alcohol. Vitamin C was used as a reference
antioxidant. DPPH scavenging activity was expressed
as IC_ values (ug extract/mL). The IC,  value of each
sample was defined as the concentration of the sample
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required for a 50% decrease in absorbance of the blank
and calculated using the following formula:

% scavenging = [Absorbance of control -
Absorbance of test sample/ Absorbance of control] x 100

Hydroxyl radical (OHe) scavenging activity

Hydroxyl radical scavenging activity was determined
according to the method of [22]. OHe was generated
by incubating 1.4 mM H,0,, 100 puM FeCls, 2.8 mM
deoxyribose, 100 uM EDTA, and 100 uM ascorbic acid
in 1.2 mL of 10 mM KH,PO,-KOH buffer (pH 7.4) at
37°C for 60 min, with or without (control) the extract.
Ascorbic acid was added at the end to start the reaction.
Degradations of deoxyribose sugar induced by OHe
were determined by the addition of 1 mL TBA (1%
w/v), 1 mL TCA (5.0% w/v), and heating at 100°C for
20 min. The resulting pink chromogen was quantified
by measuring absorbance at 535 nm. Trolox was used
as a reference. Hydroxyl radical scavenging activity was
expressed as ICs, values (ug extract/mL), defined as
the concentration required to reduce blank absorbance
by 50%, calculated using the following formula:

% scavenging = [Absorbance of control -
Absorbance of test sample/Absorbance of control] x 100

Reducing power assay

The reducing power of BECP was determined accord-
ing to the method of [23]. Various concentrations of
BECP were mixed with phosphate buffer (2.5 mL)
and potassium ferricyanide (2.5 mL) and incubated
in a water bath at 50°C for 20 min. After cooling,
2.5 mL of 10% trichloro acetic acid was added and
centrifuged at 1,000 xg for 10 min. The upper layer
(2.5 mL) was mixed with distilled water (2.5 mL) and
freshly prepared ferric chloride solution (0.5 mL). The
absorbance was measured at 700 nm. The control was
prepared similarly without adding samples. Various
concentrations of ascorbic acid were used as a stan-
dard. Increased absorbance of the reaction mixture
indicated an increase in reducing power. Reducing
power was evaluated at different extract concentra-
tions and incubation times.
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Animal material

Male Wistar rats (100-150 g), 5-7 weeks old, were
procured from the animal house of the Faculty of Life
Sciences, Mentouri Brothers, Constantine, Algeria.
The animals were kept under controlled conditions of
temperature (22+3°C) and humidity (60+5%). They
were given pellet food and drinking water ad libitum.
A 12 h day and night cycle was maintained in the
animal house.

Oral toxicity studies

An acute oral toxicity study was conducted in accor-
dance with the Organization for Economic Cooperation
and Development (OECD) guidelines [24]. Male Wistar
rats were randomly divided into groups (n=6 per
group). To determine the safety profile and establish
the LDs, an escalating dose design was utilized up to
the standard OECD limit dose. BECP was adminis-
tered orally as a single dose of 250, 500, 1,000, 1,500,
or 2,000 mg/kg b.w. The animals were continuously
monitored for the first 24 h (with special attention
given during the first 4 h) for any behavioral changes,
physical anomalies, or signs of acute distress, and
thereafter monitored daily for 14 days to record any
delayed toxicity or mortality. BECP was safe up to
2,000 mg/kg; therefore, 100, 200, and 400 mg/kg b.w.
(1/20, 1/10, and 1/5 of this dose, respectively) were
selected for hepatoprotective evaluation.

CCl,-induced hepatotoxicity model

To induce hepatic damage, CCl, was dissolved in olive
oil (1:1) and administered intraperitoneally at 1.5 mL/
kg. Based on previously published hepatoprotection
studies using similar models [25], the Wistar rats were
randomly divided into six groups (n=6 per group).
Group I (untreated control) received distilled water (1
mL/kg, p.o.) for 14 days and olive oil on day 14. Group
IT (CCl, control) received distilled water for 14 days,
followed by intraperitoneal administration of CCls/
olive oil (1:1, 1.5 mL/kg) on day 14. Group III received
vitamin E (200 mg/kg) for 14 days, followed by CCl4
treatment. Groups IV-VI received BECP (100, 200,
or 400 mg/kg/day, dispersed in distilled water) for 14
days, followed by CCl, treatment on day 14.

After the last treatments, the rats were fasted
overnight. The following day, all animals from the
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experimental groups were deeply anesthetized using
isoflurane inhalation, and blood samples were taken
by puncture in the retro-orbital venous plexus; the
animals were subsequently sacrificed by decapita-
tion. Blood samples were collected into sterile dry
centrifuge tubes, and the separated serum was used
for liver enzyme analysis. For histopathological stud-
ies, portions of the liver were removed immediately
and kept in 10% formalin solution. All experimental
groups underwent the same tissue and blood collec-
tion procedure.

Blood collection

The collected blood samples were immediately cen-
trifuged at 400 xg for 15 min to separate serum from
blood. Serum samples were stored at -80°C for analysis
of hepatic injury markers, including ALT, AST, ALP,
and TBIL.

Preparation of tissue lysate

Liver tissue was sectioned into small pieces and homog-
enized (10% w/v) by Ultra-Turrax basic homogenizer in
ice-cold PBS (pH 7.4 and 50 mM), then centrifuged at
400 xg for 15 min. The resulting supernatant was kept
at -80°C for analysis of antioxidant enzyme activities
of catalase (CAT), superoxide dismutase (SOD), and
glutathione peroxidase (GPx). Protein concentration
was determined according to the Bradford method
[26] using bovine serum albumin as a standard, and
enzyme activities were expressed per mg of protein.

Biochemical markers

Biochemical parameters were assayed by standard meth-
ods. The levels of aspartate aminotransferase(AST),
alanine-aminotransferase (ALT), alkaline phospha-
tase (ALP), and total bilirubin (TBIL) were evaluated us-
ing commercial kits from Spinreact Laboratories, Spain
(AST, ref. 1001160 and 1001161; ALT, ref. 1001170
and 1002171; ALP, ref. 1001130 and 1001131; total
bilirubin, ref. 1001044).

Determination of hepatic malondialdehyde (MDA)
level

MDA levels in liver tissues were measured using the
method as described by [27]. Briefly, the liver tissues
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were promptly excised, rinsed in cold saline, and ho-
mogenized using an Ultra-Turrax homogenizer in
10% 0.1 M potassium phosphate buffer (pH 7.4). The
homogenate was then centrifuged (400 xg for 10 min)
to obtain supernatant. Four hundred uL of 1.2% TBA
was added, and the mixture was placed in a water bath
(95-100°C) for 30 min. The solution was then cooled.
Absorbance was measured spectrophotometrically at
532 nm. The MDA level was expressed as nmol/g tissue.

Determination of catalase (CAT) activity

CAT activity was measured as described by [28]. The
CAT assay mixture consisted of 0.05 mL extract, 1.5
mL phosphate buffer (100 mM buffer, pH 7.0), 0.5 mL
H0, and 0.95 mL distilled water. Change in absorbance
was noted six times at 30 s intervals at 240 nm. The
CAT activity was expressed as umol of H,O, oxidized
per minute per milligram protein.

Determination of intracellular glutathione (GSH)
levels

Reduced glutathione (GSH) levels were determined
by the Ellman method [29] using DTNB reagent (400
mg 5,5 -dithiobis(2-nitrobenzoic acid) in 100 mL 1%
sodium citrate). Absorbance was measured at 412 nm
using a spectrophotometer. GSH level was expressed
as nmol/g tissue.

Determination of superoxide dismutase (SOD)
activity

Measurement of liver cytosolic SOD was performed
spectrophotometrically by inhibition of pyrogallol (2
mM) autooxidation in Tris buffer [30]. Results were
expressed as unit/min/mg protein. One unit (U) of
SOD activity was defined as the amount of enzyme
required to inhibit the oxidation of 50% pyrogallol.

Determination of glutathione peroxidase (GPx)
activity

GPx activity was assessed by the method of [31]. Based
on the degradation of H202 in the presence of GSH, the
GPx activity was expressed as nmol/min/mg protein.
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Table 1. Tentatively identified compounds in the n-BuOH extract of Centaurea
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Histological evaluation

Liver tissues were fixed in 10% neutral buffered
formalin and processed for paraffin embedding fol-
lowing standard histological procedures [32]. Paraffin-
embedded samples were sectioned at a thickness of 4
um and stained with hematoxylin and eosin (H&E).
Histopathological alterations were examined by light
microscopy (Leica, Germany) and evaluated using the
semi-quantitative scoring system of Meyerholz and Beck
[33]. Liver sections were assessed for hepatocellular
degeneration, sinusoidal dilation, inflammatory cell
infiltration, necrotic areas, central vein congestion, and
hemorrhage. Each parameter was graded on a scale
ranging from 0 (absence of lesion) to 8 (severe lesion).

Statistical analysis

All results are presented as mean+standard deviation
(SD). In vitro experiments were conducted in triplicate
(n=3). For in vivo experiments, each group comprised
6 animals (biological replicates, n=6); biochemical and
oxidative stress parameters were measured in technical
triplicate for each rat, and the resulting mean value
was used for subsequent statistical analysis. Group
comparisons were performed using one-way analysis
of variance (ANOVA) followed by Tukey’s test. All
statistical analyses were carried out using GraphPad
Prism version 8.2.0 for Windows, GraphPad Software
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(San Diego, California, USA). Differences were con-
sidered statistically significant at P<0.05.

RESULTS

Total phenolic content

BECP exhibited a high total phenolic content of 211.47
+2.91 ug GAE/mg.

Total flavonoid content

The total flavonoid content of BECP was quantified
at 21.67£1.61 ug QE/mg.

LC-MS analysis

LC-MS analysis of BECP extract tentatively identified
11 major phenolic constituents, characterized by their
retention times, molecular weights, and observed m/z
values (Table 1). The chromatographic profile revealed
the presence of several low-molecular-weight phe-
nolic acids, including gallic acid (Rt = 2.91 min, m/z
169.0135), gentisic acid (Rt = 3.69 min, m/z 153.0186),
caffeic acid (Rt = 4.11 min, m/z 181.1275), and p-
coumaric acid (Rt = 5.91 min, m/z 165.0957). In addi-
tion, hydroxycinnamic acid derivatives were detected,
notably caftaric acid (Rt = 4.25 min, m/z 311.0395), and
chlorogenic acid (Rt = 4.83 min, m/z 353.2714).
The extract also contained several flavonoid com-
pounds, including the flavanone naringenin (Rt =

5.07 min, m/z 272.0914), the flavonol kaempferol
(Rt = 5.49 min, m/z 285.1672), and quercetin
(Rt = 7.25 min, m/z 301.0822). Furthermore,

glycosylated flavonoids were identified, such as

isorhamnetin O-glucoside (Rt = 3.78 min, m/z

477.1231) and hesperidin (Rt = 6.53 min, m/z
609.1035). The LC-MS profile indicated that

BECP is characterized by a chemically diverse

polyphenolic composition, including phenolic

acids, hydroxycinnamic acid esters, flavonoid

aglycones, and flavonoid glycosides.

MTT assay

Results obtained in the MTT assay indicated

pungens
Molecular
Peak N | Rt (min) | weight Olz::;z\;ed CI(’)l;gposech Chemi‘c‘al
(g/mol) poun composition
1 291 170.120 | 169.0135 Gallic acid CH.O,
2 3.69 154.120 | 153.0186 Gentisic acid CH.O,
3 3.78 | 478400 | 477.1231 Iz;’_rg}iir;r;fgen C,H,0,
4 4.11 180.160 181.1275 Caffeic acid CH,0O,
5 4.25 312.230 | 311.0395 Caftaric acid C,H,0,
6 4.83 354.310 | 353.2714 | Chlorogenicacid | C H, O,
7 5.07 272.257 | 272.0914 Naringenin C.H,0O,
8 5.49 286.230 | 285.1672 Kaempferol C.H, O,
9 591 164.047 | 165.0957 | p-Coumaric acid CH,O,
10 653 | 610.189 | 609.1035 |  Hesperidin C,H,0,
11 7.25 302.236 | 301.0822 Quercetin C.H,0O,

that BECP had a low cytotoxicity to HepG2 cells

RT - retention time, #/z — mass-to-charge ratio of ions

(low percentage of cell mortality) in all tested
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Fig. 1. In vitro antioxidant activity and cytotoxicity of the n-butanol extract of Centaurea pungens (BECP). Concentration-dependent
antioxidant responses were evaluated using four complementary assays. A - Dose-response cytotoxicity curve of BECP on HepG2 cells
(human hepatocellular carcinoma cell line) assessed by the MTT assay after 24 h exposure at concentrations of 3, 30, 300, and 3,000 ug/
mlL; cell mortality (%) remained below 11% at all tested concentrations, indicating low cytotoxicity and an IC exceeding the maximum
tested concentration. B - DPPH radical scavenging activity (%) of BECP and ascorbic acid (standard) at concentrations ranging from
50 to 1200 ug/mL; the IC, of BECP was 44.48+2.7 ug/mL vs. 6.44+0.61 ug/mL for ascorbic acid. C - Hydroxyl radical (OHe) scavenging
activity (%) of BECP and Trolox (standard) at concentrations of 50-1200 ug/mL; IC, of BECP was 218.23+1.02 pg/mL vs. 69.67+1.44
pg/mL for Trolox. D — Reducing power of BECP and ascorbic acid (standard) expressed as absorbance at 700 nm as a function of con-
centration (50-600 pg/mL). All values are presented as mean+SD (n=3).

concentrations (3, 30, 300, and 3,000 pg/mL), as il-
lustrated in Fig. 1A. It was not possible to establish
an IC, , and it is estimated to exceed the maximum
concentration tested.

DPPH free radical scavenging activity

The DPPH radical scavenging activity of BECP extract
increased in a concentration-dependent manner (Fig.
1B). The extract exhibited a maximum inhibition of
78.74£1.15% at a concentration of 200 pg/mL. The
calculated ICs, value for BECP was 44.48+2.7 ug/mL,
indicating a notable free radical scavenging capacity.
In comparison, the reference antioxidant ascorbic acid

demonstrated stronger activity, with an I1Cso value
of 6.44+0.61 pg/mL and a maximum inhibition of
97.18+0.02% at 100 pug/mL. The scavenging activity
of BECP was significantly lower than that of ascorbic
acid (P<0.05), but still demonstrated substantial an-
tioxidant potential.

Hydroxyl radical scavenging activity

Hydroxyl radicals (OHe) are among the most reactive
oxygen species and can induce severe oxidative damage
to biomolecules such as proteins, DNA, and membrane
lipids. As shown in Fig. 1C, BECP exhibited a dose-
dependent hydroxyl radical scavenging activity over
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the tested concentration range (50-1,200 ug/mL). The
ICso value of BECP was 218.23+1.02 pg/mL, whereas
the standard antioxidant Trolox showed significantly
stronger activity with an ICs, value of 69.67+1.44 ug/
mL (P<0.05). Although BECP displayed lower activ-
ity than the reference compound, the results clearly
demonstrated its ability to neutralize hydroxyl radicals.

Reducing power activity

The reducing power was assessed to evaluate the elec-
tron-donating capacity of antioxidant compounds. As
illustrated in Fig. 1D, both BECP extract and ascorbic
acid showed a concentration-dependent increase
in reducing power activity. For BECP, the reducing
activity increased from 52.89+3.22% at 50 pug/mL to
65.72+1.61% at 600 ug/mL. In contrast, ascorbic acid
exhibited higher reducing capacity, increasing from
61.27£2.38% at 50 pg/mL to 92.61+3.67% at 400 pg/
mL. Although the reducing power of BECP remained
lower than that of the reference antioxidant (P<0.05),
the extract demonstrated a clear dose-dependent
electron-donating ability, which reflects its potential
antioxidant activity.

In vivo experiments
Acute toxicity studies

The acute toxicity study showed no signs of toxicity
or mortality in rats orally treated with BECP at doses
of 250-2,000 mg/kg. Therefore, the oral LDs, of the
BECP extract is considered to be greater than 2,000
mg/kg b.w., indicating a high margin of safety.

Liver enzymes and total bilirubin

Serum hepatic biomarkers are presented in Fig. 2A (liver
enzymes) and 2B (total bilirubin). Administration of
CCl, resulted in marked hepatic injury, as evidenced
by a significant elevation (P<0.001) in serum activities
of ALT, AST, and ALP, as well as TBIL levels, com-
pared with the normal control group. Specifically, ALT,
AST, ALP, and TBIL increased to 528.85+7.84 U/L,
428.35+17.03 U/L, 475.36£12.69 U/L, and 0.34+0.03
mg/dL, respectively, whereas the corresponding values
in the normal control group were 109.46+5.12 U/L,
58.33+2.40 U/L, 156.72+10.27 U/L, and 0.18+0.01
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Fig. 2. Effect of BECP pretreatment on serum hepatic injury
markers in CCI -intoxicated rats. Wistar rats were assigned to six
groups (n=6 per group): Group I, healthy control (distilled water
by gavage for 14 days + olive oil i.p. on day 14); Group II, CCl,-
intoxicated control (distilled water by gavage for 14 days + CCl,/
olive oil 1:1 v/v, 1.5 mL/kg i.p. on day 14); Group III, standard
treatment (vitamin E, 200 mg/kg/day p.o. for 14 days + CCl, on
day 14); Groups IV-VI, BECP at 100, 200, and 400 mg/kg/day
p.o. for 14 days + CCl, on day 14. A - Serum activities of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP), expressed in U/L. B — Serum total
bilirubin (TBIL) levels, expressed in mg/dL. All values are pre-
sented as mean+SD (n=6). Statistical differences were assessed by
one-way ANOVA followed by Tukey’s multiple comparison test.
**P<0.01: CCls-intoxicated control (Group II) vs. healthy control
(Group I); #P<0.05, ##P<0.01: treatment groups (Groups III-VI)
vs. CCl,-intoxicated control (Group II).

mg/dL. However, oral administration of BECP extract
(100, 200, and 400 mg/kg) significantly attenuated the
CCl -induced elevation of these hepatic biomarkers in
a dose-dependent manner (P<0.001 vs. CCl, group).
At the highest dose (400 mg/kg), BECP exhibited
pronounced hepatoprotective activity, reducing serum
ALT, AST, ALP, and TBIL levels to 225.24+9.71 U/L,
139.23+8.35 U/L, 258.61+9.05 U/L, and 0.20+0.02
mg/dL, respectively. Furthermore, the positive control
group treated with vitamin E demonstrated the greatest
hepatoprotective effect, showing a highly significant
reduction (P<0.001) in all evaluated biochemical pa-
rameters compared with the CCl,-treated group.
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Fig. 3. Effect of BECP pretreatment on hepatic oxidative stress markers in CCl,-intoxicated rats. Experimental groups are as described in
Fig. 2 (n=6 per group; each biochemical assay was performed in technical triplicate). Hepatic malondialdehyde (MDA) level, expressed as
nmol/g tissue, used as an index of lipid peroxidation. Hepatic catalase (CAT) activity, expressed as umol H,O, oxidized/min/mg protein.
Reduced glutathione (GSH) level, expressed as nmol/g tissue. Superoxide dismutase (SOD) activity, expressed as U/min/mg protein.
Glutathione peroxidase (GPx) activity, expressed as nmol/min/mg protein. All values are presented as mean+SD (n=6; technical tripli-
cate per rat). One-way ANOVA, Tukey’s post hoc test. *P<0.05, **P<0.01, ***P<0.001 vs. healthy control (Group I); #P<0.05, ##P<0.01,

###P<0.001 vs. CCl,-intoxicated control (Group II).
Antioxidant parameters

CCl, administration significantly increased hepatic
MDA levels (15.914+0.589 nmol/g tissue) compared
with the normal control group (3.058+0.186 nmol/g
tissue) (P<0.001). Pretreatment with BECP reduced
MDA levels in a dose-dependent manner. MDA values
were 11.604+0.748, 9.756+0.424, and 7.643+0.228
nmol/g tissue at 100, 200, and 400 mg/kg, respec-
tively. The highest dose (400 mg/kg) showed a highly
significant reduction compared with the CCl, group
(P<0.001). Vitamin E treatment also significantly
reduced MDA levels (6.169+0.490 nmol/g tissue)
(Fig. 3A). CCl, significantly decreased CAT activity
(11.47%0.76 pmol/min/mg protein) compared with
the control group (26.52+1.27 pmol/min/mg protein)
(P<0.001). BECP pretreatment increased CAT activity
to 13.81+0.98, 16.24+0.55, and 18.69+1.79 umol/min/
mg protein at 100, 200, and 400 mg/kg, respectively.
Vitamin E restored CAT activity to 20.40+0.95 umol/

min/mg protein (Fig. 3B). In addition, GSH levels were
significantly decreased in the CCl, group (8.63+0.55
nmol/g tissue) compared with controls (23.15+2.64
nmol/g tissue) (P< 0.01). BECP treatment significantly
elevated GSH levels to 11.20+0.38, 13.23+0.27, and
15.28+0.30 nmol/g tissue at 100, 200, and 400 mg/
kg, respectively. Vitamin E treatment increased GSH
levels to 19.38+0.04 nmol/g tissue (Fig. 3C).

SOD activity was markedly reduced in the CCl,
group (0.38+0.04 U/min/mg protein) compared with
controls (3.024£0.84 U/min/mg protein) (P<0.001).
BECP administration significantly increased SOD
activity to 0.49+0.03, 0.91+0.02, and 1.30+0.08 U/
min/mg protein at 100, 200, and 400 mg/kg, respec-
tively. Vitamin E treatment resulted in SOD activity
of 1.79+0.13 U/min/mg protein (Fig. 3D). Similarly,
GPx activity was significantly reduced following
CCl, administration (62.92+1.90 nmol/min/mg pro-
tein) compared with the control group (112.11+2.01
nmol/min/mg protein) (P<0.001). BECP pretreatment
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increased GPx activity in a dose-dependent manner
t0 69.93+1.52, 76.68+0.85, and 83.09+1.65 nmol/min/
mg protein at 100, 200, and 400 mg/kg, respectively.
Vitamin E restored GPx activity to 96.03+2.13 nmol/
min/mg protein (Fig. 3E).

Histopathological examination

Histopathological examination provided substantial
evidence of CCl,-induced liver injury and its attenua-
tion by BECP treatment. Liver sections from the normal
control group exhibited typical hepatic architecture
(score: 0.3£0.01; Supplementary Figs. S1A, S2), with
well-preserved hepatocytes, intact cytoplasm, and
clearly defined nuclei. In contrast, CCl,-intoxicated
rats displayed severe hepatic damage (score: 7.5£0.8;
P<0.001 vs. normal control; Supplementary Figs. S1B,
S2), characterized by diffuse hepatocellular necro-
sis, moderate cytoplasmic vacuolization, and mild
inflammatory cell infiltration. Pretreatment with
vitamin E markedly attenuated these pathological
alterations (score: 2.52+0.2; P<0.001 vs. CCl, group;
Supplementary Figs. S1F, S2), with only mild hepa-
tocellular necrosis, minimal lymphocytic infiltration,
and reduced ballooning degeneration. Administration
of BECP at 100, 200, and 400 mg/kg progressively
reduced hepatic injury scores to 6.20+0.60, 4.33+0.4,
and 2.8+0.1, respectively (P<0.001 vs. CCl, group;
Supplementary Figs. SIC-E, S2), with dose-dependent
reductions in hepatocellular necrosis, inflammatory
cell infiltration, and ballooning degeneration.

DISCUSSION

The present study evaluated the hepatoprotective
potential of the butanolic extract of Centaurea pun-
gens (BECP) against induced CCl, liver injury. Prior
to in vivo testing, cytotoxicity was assessed using the
MTT assay on HepG2 cells. Even at the highest tested
concentration (3,000 pg/mL), BECP showed minimal
cytotoxicity, with cell mortality (4-11%) comparable
to untreated controls (3-9%), confirming its safety
for further investigation. In addition, an acute oral
toxicity study was conducted to evaluate the safety
profile of BECP in vivo. Administration of BECP at
doses up to 2,000 mg/kg produced no mortality, no
observable behavioral abnormalities, and no signs
of systemic toxicity during the observation period.
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These findings indicate that BECP possesses a wide
safety margin and can be considered practically non-
toxic at the tested doses, supporting its suitability for
subsequent hepatoprotective evaluation.

CCl, was then employed as a standard hepatotoxic
agent to model oxidative liver damage in vivo. Its
toxicity is initiated by metabolic activation through
cytochrome P450 enzymes, particularly CYP2E],
leading to the formation of the highly reactive tri-
chloromethyl radical (CClse), which can further react
with oxygen to generate the trichloromethylperoxy
radical (CCl;00es). These reactive species initiate lipid
peroxidation, disrupt membrane integrity, and impair
cellular function, ultimately leading to hepatocellular
damage [34]. Because oxidative stress plays a central
role in CCl,-induced hepatotoxicity, this experimental
model is widely used to evaluate the hepatoprotective
potential of antioxidant compounds.

As expected, CCl, administration significantly in-
creased serum ALT, AST, ALP, and total bilirubin (TBIL),
indicating oxidative stress-induced hepatocellular dam-
age and membrane permeability. These markers are
well-established indicators of hepatic pathophysiology
[33]. Pre-treatment with BECP at all tested doses (100,
200, and 400 mg/kg) substantially normalized these
serum markers, suggesting that the extract preserved
membrane integrity and prevented intracellular enzyme
leakage. These findings are consistent with previously
reported hepatoprotective effects of other Centaurea
species [35,36]. Biochemical results were further cor-
roborated by histopathological evaluation: liver sec-
tions from CCl,-treated animals showed pronounced
pathological alterations, while BECP pre-treatment
markedly reduced these lesions and restored normal
hepatic architecture, providing direct morphological
confirmation of its protective capacity.

Hepatic lipid peroxidation, assessed through MDA
levels, was significantly elevated following CCl, treat-
ment, confirming oxidative membrane injury [36].
BECP dose-dependently reduced MDA levels, in-
dicating effective suppression of lipid peroxidation,
consistent with findings reported for Centaurea cyanus
L. petal extract [8]. In parallel, CCl, significantly de-
pleted key antioxidant enzymes, including superoxide
dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx), due to excessive reactive oxygen spe-
cies production overwhelming endogenous antioxidant
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defenses [38]. These enzymes constitute the primary
enzymatic defense system against ROS: SOD converts
superoxide radicals into hydrogen peroxide (H,O,),
which is subsequently detoxified into water by CAT
and GPx [39]. Pre-treatment with BECP restored
the activities of these antioxidant enzymes in a dose-
dependent manner, suggesting that the extract rein-
forces endogenous antioxidant defense mechanisms.
The dose-dependent improvement in biochemical
and oxidative stress parameters further supports the
pharmacological efficacy of BECP. Similar observations
were reported by Mostafa et al. [40] for Centaurea
pumilio L. extract, which significantly enhanced SOD
activity and reduced oxidative stress markers in vivo.

Similarly, hepatic glutathione (GSH), a critical
non-enzymatic antioxidant that plays a central role in
cellular redox homeostasis, was significantly reduced
in CCl,-treated animals. Depletion of hepatic GSH is
considered an early indicator of oxidative liver injury
and may contribute to hepatocellular necrosis [41].
In the present study, BECP treatment significantly
restored GSH levels, which may reflect improved
redox balance and possible stimulation of glutathione
synthesis or regeneration.

The protective effects observed in vivo are con-
sistent with the rich phytochemical LC-MS analysis
of BECP tentatively identified several phenolic con-
stituents, including gentisic, caffeic, and p-coumaric
acids, as well as hydroxycinnamic acid derivatives
such as caftaric and chlorogenic acids. The extract also
contained several flavonoid compounds, including
the flavanone naringenin, the flavonol kaempferol,
and quercetin. Furthermore, glycosylated flavonoids
were identified, such as isorhamnetin O-glucoside and
hesperidin. Polyphenolic compounds are known to
exert hepatoprotective effects through multiple mecha-
nisms, including direct scavenging of reactive oxygen
species, inhibition of lipid peroxidation, metal ion
chelation, and modulation of endogenous antioxidant
defense systems [42]. Therefore, the hepatoprotective
activity of BECP may largely be attributed to its high
content of phenolic and flavonoid compounds, which
are known to counteract oxidative stress and stabilize
cellular membranes [43].

In vitro antioxidant assays further supported this
hypothesis. BECP exhibited concentration-dependent
DPPH radical scavenging activity through proton
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donation, significant ferric-reducing power, and hy-
droxyl radical (OHe) scavenging activity [44,45]. The
latter is particularly important since hydroxyl radicals,
generated through the Fenton reaction in iron-rich tis-
sues such as the liver, are among the most reactive ROS
and play a crucial role in initiating lipid peroxidation
and cellular damage [46,47]. The strong antioxidant
activity of BECP observed in vitro may contribute to
the hepatoprotective effects observed in vivo, since
attenuation of oxidative stress plays a key role in CCl,-
induced liver injury.

Previous studies on Centaurea species have dem-
onstrated significant correlations between phenolic
and flavonoid contents and antioxidant capacity, sup-
porting their synergistic contribution to hepatoprotec-
tive activity [48-50] and the mechanistic basis of the
present findings.

CONCLUSION

The n-BuOH extract of Centaurea pungens protected
against CCls-induced liver injury, as demonstrated by
improved biochemical, oxidative stress, and histopatho-
logical parameters. These effects are likely mediated
by its strong antioxidant activity, supported by in vitro
and in vivo findings, and its high phenolic content.
Collectively, the results identify C. pungens as a safe
and promising source of bioactive compounds with
potential therapeutic value in oxidative stress-related
liver disorders.
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SUPPLEMENTARY MATERIALS
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Supplementary Fig. S1. Histopathological examination of rat liver tissues (H&E staining, 400 x). A - Control group: normal hepatic
architecture (hp) with well-preserved hepatocyte cords radiating around the central vein (cv) and patent sinusoidal spaces (sn). B - CCl,-
intoxicated group: severe histoarchitectural disruption, including centrilobular necrosis, extensive hepatocellular vacuolation, dilated
and congested sinusoids (ds), severe degree of haemorrhage (hr), irregularly dilated central vein (dcv), and marked inflammatory cell
infiltration (inf). C — CCl, + BECP 100 mg/kg: partial recovery with mild-to-moderate hepatocellular degeneration, moderate necrotic
foci, and reduced sinusoidal dilation. D - CCl, + BECP 200 mg/kg: clear attenuation of hepatic damage, with only mild hepatocellular
degeneration and markedly reduced necrotic areas. E - CCl, + BECP 400 mg/kg: near-normal hepatic architecture with minimal degen-
eration and no overt necrosis. F — CCl, + vitamin E (standard treatment): well-preserved hepatic architecture with regular hepatocyte
cords and no significant pathological alterations.
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27 Supplementary Fig. S2. Effect of BECP
on histological scoring. All values are
presented as mean+SD (n=6). One-way
0— ANOVA, Tukey’s post hoc test. *P<0.05,
.¢°\ **P<0.01, ***P<0.001 vs. healthy con-
s trol (Group I); #P<0.05, ##P<0.01,
###P<0.001 vs. CCl,-intoxicated con-
trol (Group II).
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Supplementary Fig. S3. LC-MS chromatogram of the n-butanol extract of Centaurea pungens showing the separation
of several putative polyphenolic constituents, with well-defined peaks detected at distinct retention times corresponding

to individual compounds.
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