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Abstract 

Background

Hepatic fibrosis unfolds as a pathological buildup of extracellular matrix triggered by 

liver injury. Thioacetamide (TAA) plays a versatile role across various fields—from 

industrial processes and laboratory research to chemical stabilization. Teucrium 

plants, widely traditional plants, owing to its myriads of pharmacological activities.

Methods and findings

T. oliverianum ethanolic (TO-EtOH) and ethyl acetate (TO-EtOAc) extracts were 

explored for their bioactive metabolites via UHPLC-ESI-qTOF-MS/MS that yielded 48 

compounds, mainly flavonoids and phenylethanoid glycosides, alongside phenolic 

acids, iridoid glycosides, and limonoids. Both extracts showed notable hepatopro-

tective effects in a thioacetamide (TAA)-induced liver injury model, supporting their 

therapeutic potential. The TAA group showed a significant increase in AST, ALT, ALP, 

MDA and TNF-α levels concurrent with a significant decrease of GSH level versus 

normal control group. In contrast, TO-EtOAC and TO-EtOH administered rats showed 

a decrease in liver enzymes, including ALT, AST, ALP, total bilirubin, and MDA, and 

an increase in GSH as compared to the TAA model group. Furthermore, both extracts 

considerably decreased the overall liver TNF-α content inferring anti-inflammatory 
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action. The histo- and immunohistochemical assays of liver tissue of rats in TAA 

revealed prominent pathological alterations with bridging fibroplasia in multiple 

hepatic lobules. A restorative effect that improved hepatic morphology with apparent 

normal hepatic cells and nominal fibroplasia was evident in the administration of both 

extracts. Among both extracts, TO-EtOH appeared more effective than TO-EtOAC 

as manifested by a significant improvement in liver’s biochemical parameters and 

structural organization.

Conclusion

This study provides robust evidence supporting the antifibrotic effects of T. oliveria-

num in a TAA-induced liver injury model. The anti-proliferative activity and hepatopro-

tective effects are likely to be mediated by its richness in phenolic acids, flavonoids 

and phenylethanoids.

1.  Introduction

Medicinal plants are the most widely used source of natural therapeutics worldwide, 
attributed to their diverse bioactivities, low cytotoxicity, cost-effectiveness, and supe-
rior safety profiles relative to synthetic drugs [1,2]. Due to the presence of bioactive 
secondary metabolites, medicinal plants and their by-products are increasingly 
reported as main source of pharmaceuticals [3,4]. Teucrium is one of the genera of 
the Lamiaceae family having over 340 species. The Teucrium plants have a long 
history of use in traditional medicine worldwide for various illnesses, including inflam-
mations, stomach-aches, liver problems, jaundice, abdominal ailments, high blood 
cholesterol, and digestive issues [5,6]. A review revealed that the plants of this genus 
possess a variety of biological functions, such as cytotoxic, antispasmodic, antifun-
gal, antibacterial, insect repellent, anti-inflammatory, anti-ulcer, and antioxidant [5,6]. 
T. oliverianum Ging. ex Benth., locally in Saudi Arabia referred to as Qassapa, has 
been used traditionally to treat a variety of illnesses, especially diabetes [5–7]. Phy-
tochemical screening studies revealed that T. oliverianum extracts are rich in several 
metabolite classes including phenolics, flavonoids, tannins, coumarins, saponins, 
sterols, terpenes and cardiac glycosides [7]. Phytochemical characterization of this 
plant led to the isolation and identification of flavonoids [8,9], diterpenoids [7,9,10], iri-
doids [8,9] and steroids [8,9]. Numerous in vivo and in vitro assays confirmed efficacy 
of extracts and metabolites derived from T. oliverianum such as anti-nociceptive [11], 
anti-inflammation [11], insecticide [7], anticancer [8], anti-hypercholesterolemic, and 
anti-diabetic [10].

Liver cirrhosis is a major global health issue [12], with modern medicine-based 
therapies often inefficient and expensive [13]. Developing affordable, herbal medi-
cines for treating liver diseases is crucial [3], as evidence shows a strong correlation 
between medicinal herb bioactive metabolites and liver-protective abilities [1]. Thioac-
etamide (TAA), a synthetic sulfur compound, is a potent hepatotoxic agent, causing 
liver injury and dysfunction through reactive oxygen species generation and oxidative 
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stress. [14,15]. Its thiono-sulfur moiety induces liver toxicity through oxidation [16], leading to alterations in hepatocyte 
membrane permeability [17]. and mitochondrial activity [18], increased intracellular Ca++ [19], ultimately causing extensive 
hepatocellular necrosis [20]. TAA bioactivates to form thioacetamide S-oxide and sulfene, causing hepatic oxidative stress 
and cirrhosis. This selective hepatotoxicity is used as a rodent model for studying liver fibrosis, cirrhosis, necrosis, and 
apoptosis [21], leading to chronic inflammation and increased mortality [22].

Accordingly, the primary objectives of the present study were threefold: (i) to comprehensively characterize, using 
ultra-high-performance liquid chromatography coupled with electrospray ionization quadrupole time-of-flight tandem mass 
spectrometry (UHPLC-ESI-qTOF-MS/MS), the phytochemical profiles of two distinct extracts derived from the above-
ground parts of T. oliverianum—specifically, a hydroethanolic extract (ethanol:H

2
O, 7:3; TO-EtOH) and a 100% ethyl 

acetate extract (TO-EtOAC); (ii) to evaluate the hepatoprotective potential of these extracts in a rat model of TAA-induced 
liver injury and fibrosis, thereby investigating their efficacy in mitigating liver damage; and (iii) to explore the underlying 
mechanisms of action through an integrative approach involving biochemical, histopathological, and immunohistochemical 
analyses.

2.  Materials and methods

2.1  Plant material collection, identification, and authentication

The above-ground parts of T. oliverianum were collected from wadi habitat in Qareenah, Riyadh Region, Saudi Arabia 
(25°03’44.1“N 46°12’10.8”E). The plant collection was carried out during the flowering season (May 2021) in the early 
morning at 5–7 AM. The plant material was first cleaned in the lab, allowed to air dry in a shaded area, and then crushed 
into a powder using a grinder (IKA® MF 10 Basic Microfine Grinder Drive, Breisgau, Germany). Prof. Ahmed Abd- 
ElGawad in Plant Production Department, College of Food & Agriculture Sciences, King Saud University, Saudi Ara-
bia, who specializes in plant taxonomy and ecology, carried out the plant collection, identification and authentication, as 
reported by [23]. A voucher sample was deposited in the Saudi Arabian National Herbarium and GenBank in Riyadh, 
Saudi Arabia (TO-4271).

2.2  Extraction procedure

The air-dried plant material weighing 900 g was divided into two equal halves, weighing 450 g each. The first sample 
of the plant material was extracted using ethanol-H

2
O (7:3, 2.5 L) and allowed to stand at room temperature for 5 days 

before being filtered and this was repeated for 3 times. After collection of ethanolic extracts, solvent was removed using 
rotavapor at 45 °C until a dark black gum (TO-EtOH; 19.4 g) was obtained. Using the same extraction method, ethyl 
acetate (100%; 2.5 L) was used to extract the second amount of plant material, and to yield a dark black gum (TO-EtOAC; 
17.8 g) upon drying. Both extracts were kept at 4 °C in a fridge until further analysis.

2.3  Chemicals and drugs

All solvents were of analytical grade including formic acid (≥95.0%, FA), acetonitrile, water, and methanol (LC-MS grade) 
purchased from Merck (Darmstadt, Germany). Thioacetamide (TAA, 98%) was purchased from Sigma-Aldrich (Cas No: 
62-55-5; Darmstadt, Germany). TAA was freshly prepared in sterile saline. All other chemicals and solvents were of high 
analytical grade.

2.4  UHPLC-ESI-qTOF-MS/MS profiling of TO extracts

UPLC analysis was performed according to the previously described method [24]. About of 2 µL of each sample was 
injected using partial injection mode, into a Waters ACQUITY I-Class UHPLC system made up of Binary Solvent Mod-
ule, FL Sample Manager, and separated at a flow rate of 300 µL/min at 55 °C on a Waters ACQUITY UHPLC BEH C-18 

https://www.sigmaaldrich.com/EG/en/search/62-55-5?focus=products&page=1&perpage=30&sort=relevance&term=62-55-5&type=cas_number
https://www.sciencedirect.com/topics/chemistry/flow-kinetics
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column (50 mm length × 2.1 mm i.d, 1.7 µm particle size, Waters GmbH, Eschborn, Germany). The eluting solvents were 
water (A) and CH

3
CN (B) with formic acid (0.1%) as additive. The elution gradient system was used for chromatographic 

separation as follows: B (3%, isocratic, 1 min) increasing to 95% B (within 7 min), then at 95% B (3 min), followed by 
column re-equilibration to 3% B (2.5 min). The column effluents were infused in a hybrid qTOF mass spectrometer (Sciex 
TripleTOF 6600 LC-MS System, AB Sciex, Darmstadt, Germany) run in negative ion mode with ion spray voltage of −4500 
V. The MS experiments were performed at m/z ranging between 50–1500 in the TOF-scan mode (accumulation time 
100 ms). The MS2 experiments in information dependent acquisition (IDA) mode (m/z 50–1500, mass tolerance 25 ppm, 
intensity ˃ 100, exclude isotope window 4 Da) were accomplished with 50 ms accumulation time at the collision potential 
(CE) of −40 V, with collision energy spread (CES) of 10 V and declustering potential (DP) of −35 V.

2.5  Biological assays

2.5.1  Animals and ethical statement.  Male adult Wistar rats, weighing 150–175 g, were acquired from the National 
Research Center’s (NRC, Giza, Egypt) animal breeding unit. The rats were housed in conventional settings at a 
temperature of 25 ◦C, 50% humidity, and a 12:12 dark/light scheme until they were acclimated to the environment for one 
week prior to any studies. Water and a commercial diet were offered without restriction. As well, water was constantly on 
hand for the experiment. The study’s methodologies and procedures were carried out in compliance with the Institutional 
Care and Use Committee (IACUC), National Institutes of Health’s regulations (NIH publication No. 85–23, modified 2011), 
the National Research Center in Egypt’s Ethics Committee (approval number Vet CU 25122023835). In line with the 
ARRIVE guidelines. Throughout the whole duration of the experiment any necessary steps were carried out to eliminate 
the rats’ pain, suffering, and loss of weight.

2.5.2  Animal grouping and experimental design.  Forty-eight rats were randomly allocated into 6 groups (8 rats 
each) as followed: Group 1: rats were given saline (i.p.) for 4 weeks that served as normal control group. Group 2: 
served as model group received TAA (200 mg/kg, i.p.) three times per week for 4 weeks [25], Groups 3 and 4: rats orally 
received TO-EtOAC at doses 200 and 400 mg/kg, for 4 weeks, respectively followed by 200 mg/kg i.p. of TAA given three 
times a week for 4 weeks at a one-hour interval. Groups 5 and 6: rats orally received TO-EtOH at doses 200 and 400 mg/
kg, for 4 weeks respectively followed by 200 mg/kg i.p. of TAA given three times a week for 4 weeks at a one-hour interval. 
The treatment started 1 h after TAA injection (200 mg/ kg, i.p.). After TAA injection, supportive therapy (consisting of of 10% 
glucose mixed with lactate ringer (1 v: 1 v) was given subcutaneously to prevent hypoglycemia and renal failure [26].

From day one until the endpoint of the study, animal well-being was a top priority. A series of proactive and compas-
sionate measures were in place to prevent, alleviate, or eliminate pain and distress whenever possible. Each animal was 
closely monitored—initially once per day, then twice daily—as the study progressed. A professional laboratory animal 
technologist conducted these welfare checks, ensuring professional oversight. Key indicators such as respiratory effort 
and rate were carefully assessed, showing a range from subdued to normal. Observations also included behavior, pos-
ture, and mobility, painting a comprehensive picture of each subject’s condition. Individual body weights were recorded 
daily, providing vital data on health and stability. To monitor core temperatures, a Universal Interface Device (UID) reader 
was used once or twice per day, offering precise and minimally invasive readings. Prior to scheduled euthanasia, in accor-
dance with humane endpoints, final temperature assessments were conducted using a non-contact infrared thermometer 
(Lasergrip 774, Etekcity Inc., Anaheim, CA, USA). These readings were taken while gently restraining each animal by the 
scruff, ensuring minimal stress during the process.

At the ending of the study, all rats were humanely euthanized using an intraperitoneal injection of sodium phenobarbi-
tal (40–50 mg/kg), in accordance with established ethical guidelines. Euthanasia was only initiated upon clear behavioral 
indicators of unrelieved pain—such as a hunched posture, reluctance to move, persistent abdominal licking, or guarding 
behavior—especially when these symptoms remained despite analgesic treatment (meloxicam, 2 mg/kg, ip). No animals 
reached an early or unexpected endpoint during the study period. Throughout the entire study, the rats remained in stable 

https://www.sciencedirect.com/topics/chemistry/spraying-apparatus
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health, and no unanticipated mortalities were recorded. Following euthanasia, all biological disposal was conducted under 
the strict protocols set forth by the National Research Center’s Safety and Health Committee.

The blood samples were collected by retro-orbital puncture. After collection, blood was separated by using a cool-
ing centrifuge (3000 rpm for 15 min, Laboren Zentrifugen, 2K15, Sigma, Germany for separation of serum. The animals 
were sacrificed at the end of experiment by decapitation under light anesthesia. The liver from each rat was immediately 
dissected and rinsed with PBS to remove excess blood. The liver was divided into 2 parts: one part was placed in ice-
cold phosphate buffer (pH 7.4) to prepare the 20% homogenate that was stored at –80°C. The homogenate was centri-
fuged for 15 min at 5000 x g using the same centrifuge then the homogenate was used for estimation of liver contents 
of reduced glutathione (GSH), malondialdehyde (MDA) and tumor necrosis factor- alpha (TNF-α). The second part was 
placed in 10% formalin and used for histological (H&E) and immunohistochemical assays.

2.5.3  Biochemical assessment. 
2.5.3.1  Determination of liver functions: Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), Alkaline phosphatase (ALP) and total bilirubin were evaluated using the commercially available kits (Biodiagnos-
tics, Cairo, Egypt) following manufacturer instructions.
2.5.3.2  Determination of oxidative stress biomarkers and inflammatory mediators: Liver homogenate was used 
for the estimation of MDA, GSH and TNF-α. MDA levels following the method of [27]. GSH level was measured following 
the protocol of [28]. The hepatic level of TNF-α was determined using a rat (ELISA) kits per the manufacturer’s principles 
(Sigma-Aldrich, Millipore, Roche. Cat.no. RAB0479)

2.5.4  Histological examination.  Specimens of liver were obtained from different experimental groups then preserved 
in 10% neutral buffered formalin, routinely processed in water for washing, ascending gradient of alcohol for dehydration 
followed by clearance in xylene and embedded in paraffin block. Sections were cut using microtome to obtain 4 μm tissue 
sections that were routinely stained with hematoxylin and eosin stain (H&E) [29]. Assessment of hepatic histopathological 
injury was performed according to Khalil et al., 2023 [30]. The hepatic lesion score ranged from 0 to 3 (0 = normal, 1 = mild, 
2 = moderate and 3 = severe) according to severity of four estimated lesions, that is, fibrosis, necrosis, inflammation 
and congestion. The total hepatic histological score was achieved by summation of the four parameters. Subsequently, 
picrosirius red stain was used for fibrous tissue content evaluation and quantification that was examined under bright 
field and polarized light Leica DM4 B microscope (Wetzlar, Germany). The degree of fibroplasia was measured as area 
percent using Olympus CellSens dimensions software (Olympus, Tokyo, Japan) [31].

2.5.5  Immunohistochemical assaying.  Hepatic tissue sections among experimental groups were subjected to 
immunohistochemical analysis of alpha-smooth muscle actin protein (α-SMA) as vital effector marker of tissue fibrogenesis. 
Firstly, tissue slides were deparaffinized, rehydrated and subjected to thermal-induced antigenic retrieval then endogenous 
peroxidase blocking using hydrogen peroxide. Afterward, tissue sections were incubated overnight with anti- α-SMA as a 
primary antibody (monoclonal, ScyTek Laboratories, Inc, USA) in a humid chamber followed by washing using phosphate 
buffer saline and HRP-labeled secondary antibody was applied at room temperature for two hours. For development of 
immunoreactivity, chromogen as DAB was used for 10 min and counterstained with Mayer’s hematoxylin. Negative controls 
were obtained by deletion of incubation with primary antibodies. Positive immunoreactivity was measured and evaluated as 
area % that were computed randomly in ten stained fields for each group via Cell Sens Olympus software.

2.6  Statistical analysis

The standard deviation of the means (n = 8, SD) was used to express the variability of the results. Tukey-Kramer various 
comparisons were performed for all parametric data after one-way analysis of variance (ANOVA) was used to examine 
assay results. The non-parametric data were analyzed using Kruskal-Walli’s test, followed by Dunn’s Multiple Comparison 
test. At p < 0.05, the significance threshold was deemed acceptable. GraphPad Prism-8 was used for all statistical experi-
ments (San Diego, CA, USA).

https://en.wikipedia.org/wiki/Wetzlar
https://en.wikipedia.org/wiki/Germany
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3.  Results

3.1  UHPLC-ESI-qTOF-MS/MS metabolites profiling of T. oliverianum extracts

The phytoconstituents of the TO extracts, TO-EtOH and TO-EtOAc, were annotated using UPLC-ESI-HRM/MS platforms 
[32]. After data processing, a total of 45 and 25 chromatographic peaks were identified in the two extracts, respectively 
(Fig 1A and 1B). Metabolites’ identification was based on the comparison of retention times, mass spectral data, and 
fragmentation patterns with previously reported data in the literature. Details of metabolites spectral data are presented in 
Table 1, arranged according to their retention times in the total ion chromatograms. The identified metabolites belonged to 
several classes including phenolic acids, flavonoids, phenylethanoid glycosides, iridoid glycosides, and limonoids. Inter-
estingly, flavonoids and phenylethanoid glycosides were most abundant in both TO-EtOH and TO-EtOAc, with several 
newly reported compounds detected using UPLC-MS analysis. The chemical structures of the predominant metabolites of 
each class are illustrated in Fig 2. The identification of metabolites in each class are illustrated below in detail.

3.1.1  Phenolics and organic acids.  UPLC-MS analysis led to the identification of 6 phenolic acids (peaks 1, 3, 4, 
5, 7,& 9) and one organic acid (peak 2) in TO-EtOH, belonging to hydroxybenzoates and hydroxycinnamates eluting 
earlier ranging between 0.44 to 3.04 min, while TO-EtOAc showed only two identified acids including caffeic acid (peak 
1) and maleic acid (peak 2). Commonly, phenolic acids and their derivatives are identified via the loss of water molecule 
(18 amu) and carboxylate group (44 amu) in MS/MS spectra [33–35]. Peak 3 m/z 341.1088, C

15
H

18
O

9
-) was the most 

prevalent in that class, assigned as caffeic acid-O-hexoside showing the loss of hexose moiety (162 amu), in addition to 
the characteristic fragment ions at m/z 179, 161, 135 corresponding to caffeic acid attributed to the loss of hydroxyl and 

Fig 1.  UHPLC-ESI-qTOF-MS/MS base peak chromatograms of T. oliverianum above ground parts in negative ionization mode. A) ethanol 
extract (TO-EtOH) (A) and ethyl acetate extract (TO-EtOAc) (B).

https://doi.org/10.1371/journal.pone.0330595.g001

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydroxybenzoic-acid-derivative
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/carboxylate
https://doi.org/10.1371/journal.pone.0330595.g001
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Table 1.  UPLC-ESI/MS-MS based characterization of phytoconstituents of the ethanol (EtOH) and ethyl acetate (EtOAc) extracts of T. oliveria-
num above-ground parts in negative ionization mode.

No. Compound name Rt

(min)
Molecular 
formula

M. 
Wt.

m/z 
detected 
and
adduct

Error
(ppm)

MS2

fragments
Chemical class TO-EtOH TO-EtOAc

1. Caffeic acid 0.44 C
9
H

8
O

4
180 179.0563 1.27 161, 135 Phenolic acid + +

2. Maleic acid 0.53 C
4
H

4
O

4
115 114.0145 1.30 133 Organic acid + +

3. Caffeic acid-O-hexoside 0.75 C
15

H
18

O
9

342 341.1088 0.75 179, 161, 
135

Phenolic 
glycoside

+ –

4. Ferulic acid 0.95 C
10

H
10

O
4

194 193.1088 −4.55 179, 149 Phenolic acid + –

5. Quinic acid 0.97 C
7
H

12
O

6
192 191.0562 1.15 191, 79, 

62
Phenolic acid + –

6. Harpagide 1.06 C
15

H
24

O
10

364 363.1297 0.94 201, 183, 
165

Iridoid glycoside + +

7. Chlorogenic acid 1.67 C
16

H
17

O
9

354 353.0875 0.78 191, 179 Phenolic acid + –

8. Luteolin-O-hexoside 1.76 C
21

H
20

O
11

448 447.1142 −1.82 285 Flavone 
glycoside

+ +

9. p-Coumaric acid 3.04 C
9
H

8
O

3
164 163.0403 1.33 119 Phenolic acid + –

10. Apigenin-O-hexoside 3.66 C
21

H
20

O
10

432 431.1555 1.76 270, 225 Flavone 
glycoside

+ +

11. O-acetylharpagide 8.51 C
17

H
26

O
11

406 405.1399 1.93 363, 345 Iridoid glycoside + +

12. Teucardoside 8.68 C
21

H
30

O
19

490 489.1614 4.09 165, 137 Iridoid glycoside + –

13. Naringenine-O-hexosyl- 
deoxyhexoside

9.11 C
27

H
32

O
14

580 579.1352 0.74 459, 271 Flavanone 
glycoside

+ –

14. Methoxyquercetin-O- hexosyl- 
deoxyhexoside

9.22 C
28

H
32

O
16

625 624.1401 −2.51 610, 301 Flavonol 
glycoside

+ +

15. Quercetin-O-deoxyhexoside 9.68 C
21

H
20

O
11

448 447.1145 1.18 301, 151 Flavonol 
glycoside

+ –

16. Teupolioside 9.77 C
35

H
46

O
20

786 785.2505 3.02 623, 461, 
315

Phenylethanoid 
glycoside

+ –

17. Teucrioside 9.80 C
34

H
44

O
19

756 755.2399 3.02 623, 593, 
315

Phenylethanoid 
glycoside

+ +

18. Verbascoside 9.81 C
29

H
36

O
15

624 623.1975 0.89 461, 161, 
135

Phenylethanoid 
glycoside

+ +

19. Quercetin-O-hexoside 9.88 C
21

H
20

O
12

464 463.1662 2.55 427, 301 Flavonol 
glycoside

+ +

20. Naringenin 10.06 C
21

H
22

O
10

272 271.0613 1.18 177, 151 Flavanone + –

21. Castanoside A 10.15 C
34

H
45

O
20

800 799.2658 2.15 623, 447 Phenylethanoid 
glycoside

+ +

22. Unknown 10.29 C
54

H
60

O
32

1220 1219.3716 −3.56 609, 531, 
495, 301

– + –

23. Quercetin-O-hexosyl-O- 
deoxyhexoside (Rutin)

10.32 C
27

H
30

O
16

610 609.1826 1.69 461, 301 Flavonol 
glycoside

+ +

24. Quercetin-dimethyl ether-O- 
hexosyl-O-deoxyhexoside

10.36 C
29

H
34

O
16

638 637.1823 0.93 609, 531, 
495, 301

Flavonol 
glycoside

+ +

25. Teucrioside-O-methyl ether 10.52 C
35

H
46

O
19

770 769.2400 3.70 756, 624, 
487

Phenylethanoid 
glycoside

+ –

26. Teucrioside-O-di-methyl ether 10.65 C
38

H
54

O
19

784 783.2717 −1.75 770, 756, 
624

Phenylethanoid 
glycoside

+ –

(Continued)
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carboxyl groups as shown in S1 Fig. Peaks 4, 5, 7, & 9 were assigned as ferulic acid, quinic acid, chlorogenic acid, and 
p-coumaric acid, respectively as previously reported in T. polium and T. cavernarum [36–38]. Meanwhile, all identified 
phenolic acids were first time to be reported in T. oliveranium.

No. Compound name Rt

(min)
Molecular 
formula

M. 
Wt.

m/z 
detected 
and
adduct

Error
(ppm)

MS2

fragments
Chemical class TO-EtOH TO-EtOAc

27. 3’-hydroxy 4’, 5,7 trimethoxy 
flavanone

10.88 C
18

H
18

O
6

330 329.1549 0.94 313, 301 Flavanone + –

28. Harpagoside 11.26 C
24

H
30

O
11

494 493.1715 1.04 364, 201, 
183, 165

Iridoid glycoside + +

29. Nepetin-O-hexoside 11.52 C
22

H
22

O
12

478 477.2117 −1.10 315, 135 Flavonol 
glycoside

+ +

30. Naringenin-O-hexoside 11.75 C
21

H
22

O
10

434 433.1865 0.77 271, 177, 
151

Flavanone 
glycoside

+ +

31. Koparin-O-methyl ether 11.84 C
17

H
14

O
5

314 313.0433 1.19 300, 286 Methoxyflavone + –

32. Cirsiliol 11.85 C
17

H
14

O
9

330 329.0667 1.13 314, 300 Methoxy flavone + –

33. Pectolinarigenin 11.96 C
17

H
14

O
6

314 313.0341 1.01 300, 286 Methoxy flavone + +

34. Khayanthone 12.11 C
32

H
42

O
9

570 569.2239 1.01 Limonoid + –

35. Unknown 12.17 C
27

H
31

O
15

+ 595 594.2234 1.33 449, 287 – + +

36. Unknown 12.29 C
15

H
10

O
5

270 269.2124 4.63 151, 117 – + +

37. Luteolin-O-dimethyl ether 12.33 C
17

H
14

O
6

314 313.0434 4.03 300, 285, 
241

Methoxy flavone + –

38. Luteolin-O-methyl ether 12.36 C
16

H
12

O
6

300 299.0574 1.33 285, 241, 
151, 133

Methoxy flavone + +

39. Luteolin 12.39 C
15

H
10

O
6

285 284.0328 4.36 175, 151, 
149, 133

Flavone + +

40. Troxerutin 12.41 C
33

H
42

O
19

742 741.2440 3.93 596, 434 Flavonol 
glycoside

+ +

41. Luteolin-O-deoxyhexosyl- 
O-hexose

12.45 C
27

H
30

O
15

594 593.2634 −1.67 477, 285, 
241, 151

Flavone 
glycoside

+ +

42. O-p-Coumaroyl-harpagide 12.52 C
24

H
30

O
12

510 509.2027 0.87 364, 201, 
183

Iridoid glycoside + +

43. Selinidin 12.63 C
19

H
20

O
5

328 327.0587 0.98 Coumarin + –

44. Eupatorin 12.49 C
18

H
16

O
7

344 343.1552 1.00 328, 313 Methoxy flavone + –

45. Carapin-8(9)-ene 12.81 C
27

H
30

O
7

466 465 0.77 Liminoid + –

46. Kaempferol-O- 
dehexosyl-O-hexoside

13.58 C
27

H
30

O
15

593 592.2640 4.72 285, 
243,199, 
151

Flavonol 
glycoside

+ +

47. Apigenin-O-dehexosyl-O- 
hexoside

13.77 C
27

H
30

O
14

587 577.2687 4.28 313, 269 Flavone 
glycoside

+ +

48. Diosmetin 14.64 C
16

H
12

O
6

300 299.0441 1.07 284, 256 Methoxy flavone + +

Rt: retention time, ND: Not Identified. TO-EtOH: Ethanol extract; TO-EtOAc: Ethyl acetate extract; + and – denotes the presence or absence of com-
pound in the two extracts.

https://doi.org/10.1371/journal.pone.0330595.t001

Table 1.  (Continued)

https://doi.org/10.1371/journal.pone.0330595.t001
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Fig 2.  Representative structure of some metabolites identified in T. oliverianum above-ground parts using UPLC-MS. (A) phenolic acids, (B) 
flavonoids/flavonoid glycosides, (C) phenylethanoid glycosides, (D) iridoid glycosides.

https://doi.org/10.1371/journal.pone.0330595.g002

https://doi.org/10.1371/journal.pone.0330595.g002
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3.1.2  Flavonoids.  Flavonoids represented the major class represented by 25 and 12 peaks in the TO-EtOH and 
TO-EtOAc, respectively, belonging to flavonoid glycosides, methoxy flavones, and flavanones. Metabolites of this class 
were identified based on the loss of sugar moieties, methoxy groups (30 amu) and characteristic retro-Diels–Alder 
(RDA) fragmentation pattern of aglycone. The O-glucosyl flavonoids fragmentation yields the most intense fragment 
corresponding to the aglycone due to loss of sugar moiety [34,35]. The most characteristic flavonoids of Teucrium 
species are quercetin, apigenin and luteolin including 3-, 4′- and 7-O-glycosides as well as some 6-methoxy flavones 
[39]. Quercetin aglycone (m/z 302, C

15
H

10
O

7
) was detected in peaks 14, 15, 19, & 23, identified as methoxyquercetin-O-

hexosyl-O-deoxyhexoside, quercetin-O-deoxyhexoside, quercetin-O-hexoside, quercetin-O-hexosyl-O-deoxyhexoside, 
and quercetin-dimethyl ether-O-rutinoside. As illustrated in S2 Fig, quercetin-O-deoxyhexoside (m/z 447.1145, C

21
H

20
O

11
-) 

was identified via 1,5X-internal cleavage of the pentose sugar to yield fragment ion at m/z 343 alongside the loss of whole 
sugar moiety to yield aglycone at m/z 301. Luteolin aglycone (m/z 285, C

15
H

9
O

6
) belonging to flavone was found as high 

abundant ion (derived from homolytic cleavage) in peaks 8, 38, 39, & 42 annotated as luteolin-O-hexoside, luteolin-
O-dimethyl ether, luteolin-O-methyl ether, and luteolin-O-deoxyhexosyl-O-hexose, respectively. As well, two apigenin 
glycosides were detected in peaks 10 & 48 at m/z 431.1555 and 577.2687 yielding fragment ion of apigenin at m/z 269 
interpreted as apigenin-O-hexoside and apigenin-O-dehexosyl-O-hexoside, respectively. Likewise, cirsiliol and eupatorin 
were eventually isolated from T. oliverianum extracts [8,9]. It should be noted that the glycosidic and aglycone forms of 
identified flavonoids were abundantly reported in T. chamaedrys and T. polium [40]. Further, flavanone namely, naringenin 
has been isolated from T. chamaedrys [41].

3.1.3  Phenylethanoid glycosides.  Phenylethanoid glycosides are plant-derived polyphenolics, characterized by 
cinnamic acid and hydroxyphenylethyl molecules linked with a glucose moiety which form the core of the molecule via 
an ester and glycosidic bonds, respectively [42]. Additionally, the glucose moiety may be attached with other sugars viz. 
rhamnose, xylose, or apiose [43]. Phenylethanoid glycosides have been previously identified in different Teucrium species 
including T. polium and T. chamaedrys [44,45]. UPLC-MS analysis revealed 6 phenylethanoid glycosides in peaks 16, 
17, 18, 21, 25 & 26, corresponding to teupolioside, teucrioside, verbascoside, castanoside A, teucrioside-O-methyl ether, 
and teucrioside-O-di-methyl ether, respectively in the TO-EtOH, while the TO-EtOAc showed only three peaks (17, 18 & 
21) including teucrioside, verbascoside, and castanoside A. As a major compound, teucrioside (m/z 755.2399, C

34
H

44
O

19
) 

was identified based on the loss of pentose (132 amu), and cleavage of an ester linkage to yield two fragment ions at m/z 
623 and 593, respectively, S3 Fig. Similarly, teupolioside (m/z 786, C

35
H

46
O

20
) showed the loss of hexose (163 amu) and 

cleavage of an ester linkage [46]. Verbascoside (m/z 623.1975, C
29

H
36

O
15

-) a major phenylpropanoid displayed a principal 
fragment ion at m/z 461 corresponding to the loss of caffeoyl moiety [47]. Methoxylated derivatives of teucrioside in 
peaks 25 and 26 were detected based on the loss of methoxy group (30 amu). Interestingly, all identified phenylethanoid 
glycosides were first to be reported in T. oliverianum.

3.1.4  Iridoid glycosides.  Iridoids, in form of aglycones or glycosides, represent chemotaxonomic markers of plants 
belonging to family Lamiaceae and identified in various genera of subfamilies Ajugoideae and Lamioideae [40,48]. 
Five metabolites in peaks 6, 11, 12, 29, & 43 were detected as iridoid glycosides in TO-EtOH including harpagide, O-
acetylharpagide, teucardoside, harpagoside, and O-p-coumaroyl-harpagide, while only harpagide derivatives detected 
only in TO-EtOAc (peaks 6, 11, 29, & 43). Harpagide (m/z 363.1297, C

15
H

24
O

10
) showed three major fragment ions at m/z 

201 due to the loss of sugar, m/z 185 due to loss of iridoid moiety, m/z 165 due to loss of sugar followed by two water 
molecules [49]. Harpagoside (m/z 493.1715, C

24
H

30
O

11
) is a cinnamoyl derivative of harpagide, identified from the loss 

of cinnamoyl moiety (130 amu), followed by characteristic fragmentation pattern of harpagide. These iridoids are first 
time to be reported in T. oliveranium, while both harpagide and 8-O-acetyl-harpagide were previously isolated from T. 
chamaedrys [50].

3.1.5  Limonoids.  Limonoids are classified as tetranortriterpenes to encompass various Furano lactone core 
structure and to account for several health benefits [51]. Two limonoids were detected in peaks 35 & 46 were detected as 
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limonoids, exclusively in the TO-EtOH extract assigned as khayanthone and carapin-8(9)-ene previously reported in T. 
olivarium [36]. Limonoids were not detected in the TO-EtOAc, and suggestive that for preparing an extract containing this 
class, ethanol ought to be used as extraction solvent.

3.2  Biological assays

3.2.1  Effect of T. oliverianum extracts on liver functions.  As shown in Fig 3, ALT and AST serum levels were 
significantly increased after i.p. of TAA by 199% and 313% respectively when compared to the normal control group 
inferring a toxic effect on the liver. In contrast, administration of (200 & 400 mg/ kg) of TO-EtOAC reduced elevated levels 
of ALT by 69% and 56%, and AST by 74% and 69%, respectively as compared to TAA model group. Oral administration of 
TO-EtOH (200 & 400 mg/ kg) decreased elevated level of ALT by 54% and 49%, respectively and AST by 55% and 41% 
respectively (Fig 3A and 3B).

Administration of TAA resulted in a marked increase in serum levels of ALP by 235% compared with normal control 
rats. ALP level was significantly decreased in TO-EtOAC (200&400 mg/ kg) groups by 76% and 64% respectively, as 

Fig 3.  Effect of T. oliverianum extracts on liver enzymes and total bilirubin. A) AST, B) ALT, C) ALP D) total bilirubin. Rats were administered thio-
acetamide (TAA) 200 mg/kg, i.p., or TO-EtOAC at doses (200 and 400 mg/kg) orally, or rats received TO-EtOH at doses (200 and 400 mg/kg) for a period 
of 4 weeks. The results are expressed as mean ± SD; Significance was tested at p < 0.05 using one-way ANOVA followed by Tukey’s post-hoc test for 
comparison (n = 8/group). a significant difference from control, b significant difference from TAA, c significant difference from two doses of TO-EtOAc, d 
significant difference from two high doses of different types of extract &e significant difference from two doses of TO-EtOH.

https://doi.org/10.1371/journal.pone.0330595.g003

https://doi.org/10.1371/journal.pone.0330595.g003
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compared with TAA group. While treatment with (200 &400 mg/ kg) TO-EtOH led to less effect as manifested by decrease 
serum level of ALP by 60% and 47% respectively (Fig 3C).

Rats receiving TAA (200 mg/kg, i.p.) for 4 weeks were associated with an increase in serum total bilirubin by 289% com-
pared with normal control group. While TO-EtOAC (200&400 mg/ kg) administered rats showed decrease in total bilirubin 
level by (61% and 43%), respectively when compared to TAA group. As observed in case of ALP, TO-EtOH extract rats in 
groups 5 and 6 (200 &400 mg/ kg) showed inferior decrease in level of total bilirubin by (39% and 37%) respectively when 
compared with TAA group (Fig 3D).

3.2.2  Effects of T. oliverianum extracts on GSH and MDA hepatic levels.  TAA-induced liver damage demonstrated 
significant elevation of MDA by 178% concurrent with depletion in GSH level by 66% as compared to normal control 
group, while animals treated with TO-EtOAc and TO-EtOH extracts 200 & 400 mg/kg demonstrated a significant elevation 
in GSH by 95%, 150% and 136%, 193% as well as decreased MDA by 20%, 42% and 39%, 59% respectively, compared 
to TAA- group (Fig 4A and 4B).

3.2.3  Effects of T. oliverianum extracts on hepatic content of TNF-α.  TNF-α was found elevated in TAA control group 
by 200% as compared to normal control group, however, TO-EtOAc and TO-EtOH extracts 200 & 400 mg/kg treatment in both 
extracts significantly reduced such elevation by 21%, 43% and 37%, 62% respectively, as compared to TAA control group (Fig 5).

3.2.4  Histological and immunohistochemical assays. 
3.2.4.1  T. oliverianum extracts administration ameliorated hepatic histological changes in TAA- intoxicated rats: 
The hepatic sections of the control group revealed normal morphology without any pathological alterations either at the 
cellular or architectural level. Contrariwise, rats of positive group administrated thioacetamide revealed conspicuous 
hepatic alterations coincided with prominent hepatocellular degeneration, apoptosis and necrosis in multiple hepatic lob-
ules. The portal areas were heavily infiltrated with mononuclear cells in addition to marked fibroplasia and portal conges-
tion as well as oval cells hyperplasia. Hepatic fibrosis was intensely increased with numerous thick fibrous septa extend-
ing from the portal areas toward the parenchyma with portal-to-portal bridging fibrosis causing atrophy of hepatic lobules. 
Concerning to the examined hepatic sections of treated groups, administration of TO-EtOAc (200 mg/kg) showed mild 
improvement of hepatic injury indicated by portal fibroplasia that was still restricted to portal triad and not extended toward 
the hepatic parenchyma. Portal congestion with hyperplasia of biliary epithelium were also noticed accompanied with 
hepatic necrobiotic changes and portal cellular infiltrates. While rats administrated TO-EtOAc (400 mg/kg) exhibited mild 
degenerative and necrotic changes of hepatic cells in addition to fibrous strands extending from the portal areas but not 
connecting the portal areas forming incomplete septa. With regards to TO-EtOH, rats administrated at 200 mg/kg showed 
improvement at the cellular level of hepatocytes with minimal portal mononuclear cells aggregates with proliferation of 
biliary epithelium beside newly formed bile ductules. Limited fibrous tissue proliferation at the portal areas was detected 
causing slight widening without peripheral extension. Administrated TO-EtOH at 400 mg/kg exerted a curative effect that 
improved hepatic morphology with apparent normal hepatic cells and nominal fibroplasia. In relation to hepatic injury 
score, rats administrated with thioacetamide recorded the highest lesion score with a significant difference compared 
with control group (P < 0.001), group of TO-EtOH 200 mg/kg (P < 0.01) and 400 mg/kg (P < 0.001) (Fig 6). The net histo-
pathology results showed that, in comparison to TAA-intoxicated groups, revealed that both concentrations of TO-EtOAC 
declined the hepatic injury score while, both concentrations of TO-EtOH groups were distinctly attenuated in the altered 
hepatic, comparing with TAA intoxicated groups.
3.2.4.2  Effect of T. oliverianum extracts on TAA-induced hepatic fibrosis: Hepatic fibroplasia was evaluated using 
picrosirius red stain of collagen as a prominent ECM component. In the control group, normal fibrous tissue was detected 
around the central vein and portal triad. In contrast, administration of TAA resulted in significantly higher fibrous content 
that extend periportal and intralobular overall examined hepatic sections. The degree of fibroplasia was diminished among 
treated groups compared with control positive group (P < 0.001). However, TO-EtOAc administration at 200 mg/kg reduced 
the degree of hepatic fibroplasia, but it was still portal to portal bridging without parenchymal expansion. On the other 
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hand, TO-EtOAc at 400 mg/kg and TO-EtOH at 200 mg/kg revealed incomplete fibrous septa limited to portal triad. Treat-
ment with TO-EtOH at 400 mg/kg substantially declined the hepatic fibroplasia without recording a significant difference 
with control group (P > 0.05) (Fig 7).
3.2.4.3  Effect of T. oliverianum extracts on α-SMA immunoexpression: Normal mild expression of α-SMA around 
central veins and portal triad were observed in hepatic sections of control group. However, livers of TAA intoxicated rats 

Fig 4.  Effects of T. oliverianum extracts on hepatic content of GSH and MDA. A) GSH, B) MDA. Rats were administered thioacetamide (TAA) 
200 mg/kg, i.p., or TO-EtOAC at doses (200 and 400 mg/kg) orally, or rats received TO-EtOH at doses (200 and 400 mg/kg) for a period of 4 weeks. The 
results were expressed as mean ± SD; Significance was tested at p < 0.05 using one-way ANOVA followed by Tukey’s post-hoc test for comparison (n = 8/
group). a significant difference from control, b significant difference from TAA, c significant difference from two doses of TO-EtOAc, d significant differ-
ence from two high doses of different types of extract &e significant difference from two doses of TO-EtOH.

https://doi.org/10.1371/journal.pone.0330595.g004

Fig 5.  Effect of T. olivarium extracts on hepatic content of TNF-α.  Rats were administered thioacetamide (TAA) 200 mg/kg, i.p., or TO-EtOAC) 
at doses (200 and 400 mg/kg) orally, or rats received TO-EtOH at doses (200 and 400 mg/kg) for a period of 4 weeks. The results were expressed as 
mean ± SD; Significance was tested at p < 0.05 using one-way ANOVA followed by Tukey’s post-hoc test for comparison (n = 8/group). a significant differ-
ence from control, b significant difference from TAA, c significant difference from two doses of TO-EtOAc, d significant difference from two high doses of 
different types of extract &e significant difference from two doses of TO-EtOH.

https://doi.org/10.1371/journal.pone.0330595.g005

https://doi.org/10.1371/journal.pone.0330595.g004
https://doi.org/10.1371/journal.pone.0330595.g005
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Fig 6.  Photographs showing histopathological alterations in hepatic H&E-stained sections among experimental groups. Control group showing 
normal hepatic cords and hepatic triad, TAA intoxicated group showing hepatocellular degeneration and necrosis with portal hepatitis and fibrosis, 
TO-EtOAc at doses 200 mg/kg showing portal bridging with focal hepatocellular degeneration and necrosis, TO-EtOAc at doses 400 mg/kg scattered 
hepatocyte suffered from necrobiotic changes with focal mononuclear inflammatory cells, TO-EtOH at doses 200 mg/kg showing nominal inflammatory 
cells with mild portal bridging, TO-EtOH at doses 400 mg/kg showing apparent normal hepatic cells and nominal fibroplasia, Bar chart presenting the 
total hepatic lesion score in different experimental groups. The values were expressed as median with interquartile range that evaluated by the  
Kruskal-Walli’s test followed by Dunn’s Multiple Comparison test. ns when P > 0.05, ** when P < 0.01 and *** when P < 0.001.

https://doi.org/10.1371/journal.pone.0330595.g006

https://doi.org/10.1371/journal.pone.0330595.g006
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exposed intense α-SMA immunoexpression with thick fibrous septa extending from portal-portal area with parenchymal 
expansion. The immunoreactivity was significantly inclined in TAA intoxicated rats (P < 0.001). The expression was signifi-
cantly downregulated in treated groups in compared to TAA intoxicated group (P < 0.001). In concern to treated groups, 
the administration of TO-EtOAc recorded no significant difference at both doses (P > 0.05). Interestingly, the administration 
of both doses of TO-EtOH showed a dose dependent down regulation of the immunoreactivity, without significant differ-
ence between high dose and control group (P > 0.05) (Fig 7).

Lower panel represents fibrosis and α-SMA area percent. Data presented as median with interquartile range that was 
evaluated using one-way ANOVA followed by Tukey’s multiple comparisons test. ns when P > 0.05, * when P < 0.05, ** when 
P < 0.01 and *** when P < 0.001.

4.  Discussion

Hepatic fibrosis is a multicellular reversible injury that is a healing response towards hepatic damage when hepatocytes 
are replaced by a cellular scar tissue, and extra cellular matrix (ECM) is heavily deposited. The progressive ECM accumu-
lation and intercellular interactions are committed to interfering angiogenesis. The collagen accumulation in the basement 
membrane affecting the exchange of materials between liver cells, and angiogenesis exerts an inadequate protective 
mechanism that aid in restoring oxygen supply to the tissue [52].

TAA is one of the most significant hepatotoxicants that is frequently employed in rat models being highly reactive when 
metabolized, leading to oxidative stress and liver fibrosis [53]. Current study effectively demonstrated the detrimental 
effects of TAA on the structure and function of the hepatocellular membrane, as revealed by a significant increase in ALT, 
AST, and ALP as well as a significant increase in serum total bilirubin. It has been extensively demonstrated that the 

Fig 7.  Photomicrographs of hepatic sections stained with picrosirius red (bright field and polarized light) and hepatic immunohistochemical 
expression of α-SMA in different experimental groups.

https://doi.org/10.1371/journal.pone.0330595.g007

https://doi.org/10.1371/journal.pone.0330595.g007
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substantial damage to hepatocyte membrane’s integrity and functionality, followed by cellular leakage, is what causes this 
increase in serum liver enzyme activity [26]. According to present results, administration of TO-EtOAc and TO-ETOH both 
extracts significantly restored normal levels of AST, ALT, and ALP while also improving serum total bilirubin levels in com-
parison with TAA intoxicated group. Histological examination revealed that T. oliverianum protect the structural integrity 
of the membranes and hence play a protective function against the damaging effects of TAA on hepatic tissue, provide 
strong support for its effectiveness. Current findings are consistent with [8] revealing that both the structural organization 
of the liver and the observed biochemical parameters were significantly improved in the hepatocellular group treated with 
T. oliverianum extracts. These findings are in accordance with that of [54], confirming that in Teucrium taxa, T. polium is 
a potent anti-inflammatory and antioxidant agent. The potential in vivo antioxidant effects and rich polyphenolic content 
in T. polium ethyl acetate extract have various positive impacts on experimental non-alcoholic steatohepatitis disease. 
Decrease in serum liver enzyme levels was observed concurrent by improved histological patterns pertaining to lobular 
inflammation, ballooning degeneration, and steatosis.

Oxidative stress is known as an imbalance between ROS production and antioxidant mechanisms that follow hepatic 
damage [55]. In the present work, TAA-induced hepatic damage indicated for severe oxidative stress as manifested by a 
significant elevation in hepatic MDA levels, decrease in GSH level in liver homogenate. Present results are further con-
sistent with the previous study confirming that TAA induced elevation in MDA with a significant decrease in GSH levels 
[56]. These results indicate a decrease in oxidative stress elicited by TAA upon extracts administration as evidenced by a 
significant reduction in hepatic MDA content and elevation of GSH levels.

Numerous illnesses, including disorders of the neurological system, hepatic disorders, autoimmune disorders, and oth-
ers have been linked to ROS and inflammation [57]. ROS trigger the activation of mediator signaling molecules, such as 
nuclear factor kappa-B, which in turn increases the synthesis of inflammatory cytokines, [58]. Concerning the relationship 
between liver inflammation and the advancement of fibrosis, injury and damage to the hepatocyte release inflammatory 
mediators that activate M1 and defense macrophages, which in turn promote the production of proinflammatory cytokines 
such as IL-6 and tumor necrosis factor-α [59]. TAA, as a hepatotoxin, induces pro-inflammatory and inflammatory cyto-
kines and mediators by macrophages (Kupffer cells) such as TNF-α, that play important role in hepatic inflammation [60]. 
Administration of T. oliverianum extract in the current study improved liver functions, oxidative stress, and liver fibrosis 
biomarkers, indicating the beneficial effects of extract in regeneration of hepatocytes and posing it, as potential treatment 
of NASH associated disorders.

There is growing evidence that hepatic stellate cells (HSC) activation is a major factor in liver fibrosis. Following hepatic 
injury, quiescent HSCs become activated and differentiated into myofibroblasts, expressing high levels of collagen I, III, 
and α-SMA leading to increased extracellular matrix deposition and liver fibrosis [61]. Therefore, histological findings 
demonstrated T. oliverianum anti-fibrotic ability against TAA- induced liver fibrosis, as evidenced by drop in α-SMA expres-
sion. Fibrosis severity is correlated with the expression of the α-SMA protein.

Caballero and his team work [62] revealed the noxious effect of TAA to different cells by the presence of free radicals 
generated by lipid peroxidation process. Overall, a decrease in the antioxidant defense such as GSH, catalase or SOD, in 
conjunction with enhanced lipid peroxidation leads to a pro-fibrogenic response [63]. Chronic liver injury is typically asso-
ciated by prominent activation of sinusoidal stellate cells and portal tract fibroblasts which was evident by induced expres-
sion of α-SMA yielding to fibrosis [64]. In contrast, fibroplasia was quietly restricted in the group receiving TO concurrently 
with TAA, which might be assigned to its anti-proliferative effect on HSC and its ability to block inflammatory infiltration 
through its anti-inflammatory activities, antioxidant capacity, decrease the lipid peroxidation.

Plant metabolites, especially the polyphenols, have been well characterized as drug treatments in alleviating liver dis-
eases: oxidative stress, metabolism of lipids, resistance to insulin, and inflammatory [65]. Various polyphenols have also 
been shown to exert protective benefits against liver-toxicity and fibrosis induced by TAA, mostly through their ability to 
reduce inflammation and oxidative stress.
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It has been established that the pharmacological activities of the plant extracts are strappingly correlated with the iden-
tified components [66–68]. Generally, many polyphenols, such as flavonoids and their glycosides, as well as some pheno-
lic acids and coumarins, have been documented to prevent liver fibrosis via their ability to inhibit NF-κB and Akt activation 
might decrease the expression of linked profibrogenesis genes in activated HSCs [65]. Quercetin, as a major represen-
tative aglycone of the identified flavonoids (14, 15, 19, 23 & 24) showed hepatoprotective activities against different liver 
diseases, like liver fibrosis, liver steatosis, fatty hepatitis, and liver cancer [69]. Mechanistically, it affects various targets 
and signaling pathways like fat accumulation inhibition, anti-inflammatory and antioxidant activity, as well as anti- 
apoptosis [70,71]. Quercetin inhibited liver inflammation via NF-κB/TLR/NLRP3, PI3K/Nrf2-mediated oxidative stress, 
mTOR activation, and inhibition of apoptotic factors’ expression [72]. At the liver fibrosis stage, it hindered stromal ECM 
deposition, modifying TGF-1β, endoplasmic reticulum stress (ERs), and apoptosis via regulation of NF-кB/IкBα, p38-
MAPK, and Bcl-2/Bax signaling [73]. In TAA-induced liver fibrosis, quercetin decreased liver fibrosis index via provoking 
HSC apoptosis, and down-expression of MMP-9 and MMP-2 [74]. In in bile duct ligation (BDL) or CCl

4
-induced mice cir-

rhosis models, quercetin inhibited stellate cell activation and autophagy via TGF-β1/Smads associated with Notch1 signal-
ing pathway [75]. Specifically, quercetin-7-O-rhamnoside (15), remarkedly ameliorated CCl

4
-induced liver damage in mice 

represented by enhancement of hepatic GSH content and antioxidant enzymes CAT activities and downregulation of MDA 
production [76]. Luteolin, as found in many identified peaks (8, 37, 38, 39 & 41), was reported to suppress the progression 
of liver fibrosis in four animal models induced by CCl

4
, DMN, BDL, and thioacetamide directing AKT/mTOR/p70S6K, PI3K/

Akt pathways and TGFβ/Smad signaling pathways [77,78]. Further, luteolin-7-O-glucoside (8) was found to ameliorate the 
liver damage in GalN/LPS-induced hepatitis via modulation of inflammatory mediators and antioxidants of ICR mice [79]. 
Another flavonoid, namely naringenin (20) displayed preventative activity against dimethylnitrosamine (DMN)-induced liver 
fibrosis and at doses of 20, 50 and 100 mg/kg mediated through blockage of TGF-β-Smad3 and JNK-Smad3 signaling 
pathways [80,81]. Also, methoxylated flavonoids such as koparin-O-methyl ether (31), cirsiliol (32), pectolinarigenin (33), 
luteolin-O-dimethyl ether (37), luteolin-O-methyl ether (38), eupatorin (44) and diosmetin (48) were found to modulate the 
profibrogenic/antifibrogenic balance through suppression of the PI3K/Akt/Smad as well as the PI3K/Akt/mTOR/ribosomal 
protein S6 kinase 70 kDa (p70S6K) pathways, respectively [82,83].

Regarding the identified phenolic acids; caffeic acid (1), ferulic acid (4) and chlorogenic acid (7), could inhibit HSC 
activation, and downregulate fibrogenetic factors in CCl

4
-induced liver fibrosis, mediated via inhibiting TLR4/MyD88/NF-κB 

and TGF-β/Smad signaling pathways as well as various cytokines, including IL-1β, IL-6, TNF-α, iNOS, and COX-2 [84,85]. 
Similarly, iridoid glycosides such as harpagide (6) displayed significant hepatoprotective effects against heliotrine-induced 
liver injury manifested by reduced MDA, enhanced SOD activity, and diminished ALT and AST levels [86]. Furthermore, 
phenylethanoids are reported to downregulate TNF-α and interleukin-1β (IL-1β) protein expression [87,88]. Verbascos-
ide (18), as one of the major identified phenylethanoids, exhibited hepatoprotective effect against thioacetamide-induced 
post-necrotic liver damage [64,89].

The substantial antifibrotic effects of the two plant extracts were predominantly due to the amalgamation and individ-
ual actions of these active polyphenolic components. Meanwhile, TO-EtOH was more efficient than TO-EtOAc; this is 
attributed to the high polarity of ethanol solvent which could extract more polar polyphenolic compounds mainly phenolic 
acid and flavonoid glycosides that displayed lonely or synergistically in potentiation or inhibition of signaling pathways that 
control the liver fibrosis cascade. For instance, the TO-EtOAc lacks presence of chlorogenic acid and ferulic acid which 
were mentioned above as potential downregulators of fibrogenetic factors in the progression of liver fibrosis.

5.  Conclusion

In conclusion, this study highlights the potential of T. oliverianum as a candidate for therapeutic intervention in liver fibro-
sis. Through a comprehensive metabolite profiling and rigorous biological evaluation, the ethanolic extract emerged as a 
particularly powerful agent, capable of restoring liver function and architecture disrupted by TAA-induced toxicity. Rich in 
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flavonoids, phenolic acids, and phenylethanoid glycosides, T. oliverianum not only validates its traditional medicinal use 
but also offers a a potential plant-derived candidate for the development of the future antifibrotic therapies. These results 
lay a strong scientific foundation for continued exploration—where isolating and standardizing its active constituents could 
unlock new therapeutic frontiers in chronic liver disease management. T. oliverianum demonstrates potential as a hepato-
protective agent and may contribute to the development of future therapeutic strategies.
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