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Abstract: There is an urgent need for scientists to verify the pharmacological properties of medicinal
plants. Leucophyllum frutescens (Lf) belongs to the family Scrophulariaceae, and it is used in the
treatment of airway diseases such as cough, tuberculosis, and asthma. The methanolic extract of
the aerial parts of Lf allows for the isolation and identification of verbascoside (Vb). This study
aimed to evaluate the hepatoprotective effect of Vb, a caffeoyl phenylethanoid glycoside (CPG), on
post-necrotic liver damage induced by thioacetamide (TA) via in vivo and in silico studies, with the
latter considering a cancerous process. The aerial parts of Lf were extracted by maceration using
hexane methanol (5 L/500 g/8 days). Vb was isolated from methanol extract at approximately 30%.
Wistar rats were intragastrically pretreated or not with a single dose of Vb (20 mg/kg) for four days.
On the fourth day, a single dose of TA (6.6 mmol/kg) was intraperitoneally injected. Blood samples
and parameters related to liver damage, like AST and ALT, were obtained. Vb significantly reduced
the level of liver injury following thioacetamide-induced necrosis. This was corroborated by in silico
assay and docking studies, demonstrating that Vb can interact with a HeLa target through hydrogen
bonds and electrostatic interactions, achieving better performance than commercial chemotherapeutic
Taxol®, by 0.34 kcal/mol. AST and ALT were significantly lower in the rats pretreated with Vb.
Furthermore, Vb did not induce cytotoxicity and had a median lethal dose (LD50) greater than
5000 mg/kg. These results suggest that Vb may be used as an alternative to reduce liver damage.

Keywords: verbascoside; hepatoprotective effect; Leucophyllum frutescens; thioacetamide

1. Introduction

The liver is one of the organs most likely to be damaged due to contact with xenobiotics
(drugs, alcohol, abuse drugs, environmental toxins, and others) [1], leading to a very
high incidence of liver diseases. Cirrhosis, fatty liver, chronic hepatitis, and cancer have
high mortality rates in Mexico and worldwide [2]. Liver cancer is a significant problem,
especially in less developed regions; it is considered one of the most common malignant
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cancers in humans and the second leading cause of cancer-related death worldwide [3].
Owing to the high incidence of liver diseases, different experimental models have been
designed to determine the mechanisms by which liver lesions develop. One model utilized
to demonstrate the hepatic response against the aggressive attack of a hepatotoxic drug
is a single dose of thioacetamide (TA) [4]. TA is a potent hepatotoxic agent that, when
administered at doses of 500 mg/kg to rats, initiates severe hepatocellular perivenous
necrosis, increasing the activity of the ALT and AST enzymes. The increased activities
of these enzymes in serum may be interpreted as hepatocyte damage or changes in their
membrane permeability, indicating severe hepatocellular damage [5], both of which have
been associated with hepatocellular carcinoma [6]. The latter effect may be due to its ability
to alter the function of tubulin and, consequently, affect the formation and stability of
microtubules. These changes in microtubules may interfere with cellular division processes
and regulate cell proliferation [7].

Treatment of liver pathologies is not only costly due to disease but also as due to sub-
sequent complications. Moreover, the use of drugs to treat some liver diseases sometimes
may not be the best option, as they can cause hepatotoxicity and deteriorate the condition
of the patient [1]. Complementary and alternative medicine (CAM) has provided empirical
knowledge on the use of plants for many treatments. It has been crucial for designing
phytochemical studies, where the main objective is identifying the molecules responsible
for therapeutic effects and designing biological studies that aim to explain the mechanisms
of action through the molecules mentioned above [8].

Thousands of people worldwide prefer medicinal plants to drugs for the reasons
mentioned above. This, coupled with their benefits, make them a more affordable option
with fewer or less severe consequences—if any [9]. Alternative therapies have been scarcely
explored; thus, additional research is crucial to generate new proposals and less costly
treatments with fewer adverse effects [9]. Additionally, pharmacological and toxicological
research is necessary to establish therapeutic doses and provide a better basis for the
suitable utilization of medicinal plants.

In this study, a compound isolated from Leucophyllum frutescens (Lf), a species com-
monly known as “cenizillo”, was investigated [10]. This species belongs to the Scrophu-
lariaceae family and is used in traditional medicine for airway diseases, such as cough,
tuberculosis, fever, and asthma. It is also used as an antioxidant, vasodilator, and analgesic
(rheumatic pain). In the traditional medicine of Mexico, Lf is also used to treat liver and
bladder disorders [11], and its antiproliferative effect on cancer cells has been evaluated [12].
However, research does not exist to corroborate all these targets of verbascoside (Vb) effects.
In Mexico, methanol extract from the aerial parts of Lf allowed for the isolation and identi-
fication of Vb, which was isolated in approximately 30% of the total extract. Moreover, to
support the experimental results, an in silico assay was performed to determine the princi-
pal interactions between the studied ligands and the selected receptor using computational
methods described by Díaz-Cervantes and coworkers [13,14].

To validate the use of this plant in Mexican traditional medicine as a hepatoprotec-
tive agent, we evaluated the effect of Vb against post-necrotic liver damage induced by
thioacetamide (TA) through in vitro, in vivo, and in silico studies.

2. Materials and Methods
2.1. Plant Material

The aerial parts of Leucophyllum frutescens were collected in Metztitlán Municipality,
Hidalgo State, México, in June 2013 and identified by Professor Manuel González Ledesma.
A voucher specimen (Vargas-Mendoza D 01 Leucophyllum frutescens) is preserved at the
Herbarium of Biological Research Centre, Autonomous University of Hidalgo, Pachuca,
Hidalgo, Mexico.
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2.2. Extraction and Purification

The extraction procedure previously described by Balderas-Renteria was followed [15].
Air-dried aerial parts (0.5 kg) were subjected to maceration with methanol at a ratio of
5 L per 500 g of plant material for a period of eight days. Afterward, the solvent was
evaporated under vacuum, resulting in approximately 80 g of residue, which corresponds
to an extraction yield of approximately 16%.

Thirty grams of methanol extract was purified on a Sephadex LH-20 (1000 g) column
(6 × 60 cm) using H2O, H2O:MeOH (9:1, 4:1, 7:3, 3:2, 1:1, 2:3, 3:7, 1:4, 1:9), and MeOH
as eluents. In other words, gradient elution was performed with the intention that, as
the eluent concentration increased, the analyte would become bound to the mobile phase,
move through the column, and ultimately be eluted. Fractions of 500 mL of each polarity
were collected and marked as “A–K”. They were evaporated and analyzed by thin-layer
chromatography (TLC) (EtOAc:MeOH:H2O at 5:1.8:0.4) and nuclear magnetic resonance
(NMR). Fractions “D, E, and F” gave 1.2 g, 4.9 g, and 2.5 g, respectively. A single spot was
shown on the TLC using 1% FeCl3 in MeOH as the developing solution. These fractions
were collected and analyzed by 1H, 13C, 1D, and 2D NMR.

NMR measurements were performed at 400 MHz for 1H and at 100 MHz for 13C
on a VARIAN 400 spectrometer from CDCl3, CD3OH, and DMSO-d6 solutions. Column
chromatography (CC) was carried out on Merck silica gel 60 (Aldrich, 230–400 mesh ASTM),
and Sephadex LH-20 TLC (Sigma Aldrich, St. Louis, MO, USA) was carried on aluminum
sheets with silica gel 60 F254 (Merck, Darmstadt, Alemania) and sprayed on using 5%
methanolic FeCl3 and/or 1% methanolic diphenylboric acid-β-ethylamino ester.

2.3. Animals

Experiments were performed on adult male Wistar rats that were two months old
(200–220 g) and obtained from Bioterio-UAEH. The animals were housed in a climate-
and light-controlled room with a 12 h light/dark cycle. Rats were allowed access to food
(standard pellet diet) and water ad libitum. All experiments were internally approved
by the Ethical Institutional Committee for the Care and Use of Laboratory Animals with
official certificate No. 5-12-2013 and were carried out following the Official Mexican Norm
for Animal Care and Handing NOM-062-ZOO-1999 [16]. The number of experimental
animals was kept to a minimum, and at the end of the study, the animals were sacrificed in
a CO2 chamber.

2.4. Thioacetamide-Induced Hepatotoxicity Study

Adult male Wistar rats were acclimated in an animal room for two weeks before use.
Throughout these two weeks, the rats were supplied with food and water ad libitum. The
Wistar rats were intragastrically pretreated or not with a single dose of Vb (20 mg/kg) for
four days. On the fourth day, they were intraperitoneally injected with a single dose of TA
(6.6 mmol/kg) that was freshly dissolved in 0.9% NaCl [17]. Blood samples were obtained
from the rats 0, 24, and 48 h following TA intoxication. Untreated animals received 0.5 mL
of 0.9% NaCl. Experiments were performed on three groups: the control group, rats treated
with a single dose of TA, and rats pretreated with Vb and treated with a single dose of
TA (Vb + TA). Each experiment was performed in duplicate in four different animals and
followed the international criteria for the use and care of experimental animals outlined in
The Guiding Principles in the Use of Animals in Toxicology, as adopted by the Society of
Toxicology in 1989.

2.5. Processing of Samples

Samples were obtained from the control group 0, 24, and 48 h following TA intoxication
in both Vb-pretreated and non-pretreated animals. The rats were sacrificed by cervical
dislocation; blood was collected from the hearts, kept at 4 ◦C for 24 h, and centrifuged at
3000 rpm for 15 min; and serum was obtained as the supernatant and stored at −70 ◦C
until required.
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2.6. Determination of AST and ALT

Enzymatic determination was performed in serum under optimal temperature con-
ditions and substrate and cofactor concentrations. Aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) activities were determined in serum following the methods
of Rej and Horder [18] and Murray [19]. The activities of these enzymes were determined
using spectrophotometric methods. AST activity was quantitatively determined by mea-
suring the decrease in absorbance at 340 nm at 25 ◦C, which was produced by the oxidation
of NADH to NAD+ in the coupled reaction of the reduction of oxaloacetate to malate and
catalyzed by malate dehydrogenase. Similarly, the activity of ALT was determined by
measuring the decrease in absorbance in the coupled reaction of the reduction of pyruvate
into lactate and catalyzed by lactate dehydrogenase.

2.7. In Silico Predictions of Bioactivity

In the in silico predictions, the SMILE code for Vb was used, which was obtained from
the PubChem database “https://pubchem.ncbi.nlm.nih.gov/” (accessed on 10 January
2023). The PASS online server [20] was used for the analysis of biological activity.

2.8. Cell Cultures

To evaluate the antiproliferative effects of Vb on malignant cells, we used HeLa (human
cervix adenocarcinoma cells) and MeT-5A (human mesothelium cells) cells. HeLa cells
were grown in Ham’s F12 Nutrient Mixture (Sigma-Aldrich, St. Louis, MO, USA) and RPMI
1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2.38 g/L HEPES, 0.11 g/L
pyruvate sodium, and 2.5 g/L glucose. Additionally, 10% heat-inactivated fetal calf serum
(Invitrogen, Waltham, MA, USA), 100 U/mL penicillin, 100 microg/mL streptomycin, and
0.25 mg/mL amphotericin B (Sigma Chemical Co., St. Louis, MO, USA) were added to
both media. The cells were cultured at 37 ◦C in a moist atmosphere of 5% CO2.

2.9. Inhibition Growth Assay

HeLa and MeT-5A (5 × 104) cells were seeded into each well of a 24-well cell culture
plate. After incubation for 24 h, various concentrations of Vb were added, and the cells
were incubated under standard conditions for an additional 48 h. A trypan blue assay
was performed to determine cell viability. Cytotoxicity data were expressed as GI50
values, that is, the concentration of the test agent that induces a 50% reduction in cell
number compared to control cultures. HeLa (human cervix adenocarcinoma) and Met-5A
(human mesothelium) were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA).

2.10. Docking Assays

Owing to Tubulin’s significant role in the cellular cytoskeleton, which plays a critical
role in cell division, maintaining cellular shape and function, and the potential impact of
interfering with its microtubule formation and stability on cell proliferation, we performed
a docking analysis with this molecular target and Vb. Avogadro software was used to
model Vb and was optimized at the UFF level [21]. The optimized molecules were coupled
with the selected target (PDB code: 1JFF) [22] using the MoldockScore scoring function [23]
with the Molegro Virtual Docker (MVD) package [24]. Tubulin (HeLa target) [25] was used
to perform the docking studies. The docking assay was carried out using a fixed target and
a genetic algorithm to search for the poses, while the scoring function evaluated the ligand–
receptor interactions considering the classical interactions of Coulombic and Lennard-Jones
interactions. This was implemented in MVD software. The target was corrected (by adding
hydrogen atoms and missing sites of residues) using the same computational package.
Finally, to complete the study, the normal modes of the selected tubulin were used to
analyze the possible conformations of the protein and its interactions with the studied
ligands. This analysis was performed using the ElNemo server following the normal-mode
vector to consider this the target [26].

https://pubchem.ncbi.nlm.nih.gov/
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2.11. Acute Toxicity Test

The method described by the OECD-423 guideline [27] was employed in determining
Vb’s median lethal dose (LD50) in rats. Vb was suspended in the vehicle (distilled water),
and the concentrations were adjusted to orally administer 0.5 mL/100 g body weight. For
the acute toxicity study, the rats were divided into two groups, each comprising three ran-
domly weighed rats. Animals in the first group received Vb at an oral dose of 5000 mg/kg.
Rats in the second group (control) were treated orally only with distilled water and kept
under the same conditions. In both groups, rats were weighed and observed for mortality,
abnormal behavior, and other toxic signs during the first 30 min and periodically for 24 h,
with particular attention during the first 4 h and afterward, then daily for 14 days [28]. The
number of deaths was recorded, and the LD50 value was determined. All surviving animals
were sacrificed at the end of each experiment, autopsied, and examined macroscopically
for any pathological changes compared with those of the control group.

2.12. Statistical Analysis

The results were calculated as the means ± standard error of the mean (S.E.M) of four
experimental observations in duplicate (four animals). Differences between groups were
analyzed by analysis of variance (ANOVA), and a post hoc Tukey test was performed to
identify significant differences between treatments. For statistical analysis, p < 0.05 was
considered statistically significant. The analyses were performed using GraphPad Prism
6.0 software (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Active Compounds of Leucophyllum frutescens

Fractions “D, E, and F” weighed 1.2 g, 4.9 g, and 2.5 g, respectively. One spot was
shown on the TLC using 1% FeCl3 in MeOH as the developing solution. These fractions
were collected and analyzed by 1H, and 13C, 1D, and 2D NMR. We were able to recognize
Vb (Figures 1 and 2) as the principal component, comprising 8.6 g of a single compound,
which accounted for 28% from the extract and 5% from a vegetal source.
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Figure 1. Verbascoside chemical structure.

Verbascoside: amber amorphous powder; mp 139–142 ◦C; m; 1H NMR (400 MHz)
DMSO-d6: δ 7.582 (d, 1, J = 15.8 Hz, H-β′), 7.054 (d, 1, J = 1.96 Hz, H-2′′ ′), 6.92 (dd, 1,
J = 8.32, 2.0 Hz, H-6′′ ′), 6.76 (d, 1, J = 8.32 Hz, H-5′′ ′), 6.69 (d, 1, J = 1.8 Hz, H-2), 6.67 (d,
1, J = 8.04 Hz, H-5), 6.53 (dd, 1, J = 8.04, 1.8 Hz, H-6), 6.26 (d, 1, J = 15.8 Hz H-α′), 5.02
(br, s 1 H-1′′), 4.71 (t, 1, J = 9.27 Hz, H-4′), 4.35 (d, 1, J = 7.64 Hz, H-1′), 3.88 (c, 1, J = 924,
H-αa), 2.65 (m, 1, H-β), 0.95 (d, 3, J = 6.16 Hz, 6”), 13C NMR (100 MHz) DMSO-d6: δ 166.98
(COO), 148.32 (C-4′′ ′), 146.68 (C-β’), 145.34 (C-3′′ ′), 144.63 (C-3), 143.18 (C-4), 130.08 (C-1),
126.25 (C-1′ ′′), 121.94 (C-6′′ ′), 119.96 (C-6′), 115.78 (C-α′), 115.19 (C-2), 114.99 (C-5), 113.90
(C-2′′ ′), 113.26 (C-5′′ ′), 102.69 (C-1′), 101.62 (C-1′′), 80.33 (C-3′), 74.72 (C-2′), 74.46 (C-5′),
72.37 (C-4′′), 70.91 (C-α), 70.86 (C-2′′), 70.62 (C-3′′), 69.12 (C-4′), 69.02 (C-5′′), 60.90 (C-6′),
35.12 (C-β) and 17.14 (C-6′′).



Sci. Pharm. 2023, 91, 40 6 of 14

Sci. Pharm. 2023, 91, x FOR PEER REVIEW  6  of  14 
 

 

113.26 (C-5″′), 102.69 (C-1′), 101.62 (C-1″), 80.33 (C-3′), 74.72 (C-2′), 74.46 (C-5′), 72.37 (C-

4″), 70.91 (C-α), 70.86 (C-2″), 70.62 (C-3″), 69.12 (C-4′), 69.02 (C-5″), 60.90 (C-6′), 35.12 (C-

β) and 17.14 (C-6″). 

 

Figure 2. HMBC spectra of verbascoside. 

3.2. In Silico Approaches to Biological Activity 

Prior to the in vitro and in vivo experiments, an in silico analysis was conducted us-

ing the PASS online server to evaluate the biological effects of Vb found in Leucophyllum 

frutescens. This analysis revealed a high probability of hepatoprotective activity of Vb, as 

well as its potential as an aspartyl transferase inhibitor. Additionally, promising anticari-

ogenic effects were identified, as shown in Table 1. These results led to expectations re-

garding  the biological effects of  the component, providing a strong  foundation  for  the 

subsequent experiments. 

Table 1. Biological activities determined by PASS. 

Activity  Pa  Pi 

Hepatoprotectant  0.941  0.002 

Anticarcinogenic  0.925  0.002 

Aspartyltransferase inhibiting  0.666  0.008 

Pa = probability of activity; Pi = probability of inactivity. 

3.3. Liver Damage Biomarkers (AST and ALT) 

Figures 3 and 4 show the effects of Vb pretreatment on levels of AST and ALT, re-

spectively, in the sera of rats intoxicated with a single sublethal dose of TA 0, 24, and 48 h 

following TA intoxication. Significant increases in AST and ALT levels were observed at 

24 and 48 h in the group that received TA compared to the group without TA, which con-

firms enzymatic activity as a marker of  liver damage. Pretreatment with Vb  in  the  rat 

model of TA-induced hepatoxicity resulted in significant decreases in AST and ALT levels, 

delaying liver injury at 24 and 48 h. According to the results, Vb demonstrated a hepato-

protective effect. 

Figure 2. HMBC spectra of verbascoside.

3.2. In Silico Approaches to Biological Activity

Prior to the in vitro and in vivo experiments, an in silico analysis was conducted
using the PASS online server to evaluate the biological effects of Vb found in Leucophyl-
lum frutescens. This analysis revealed a high probability of hepatoprotective activity of
Vb, as well as its potential as an aspartyl transferase inhibitor. Additionally, promising
anticariogenic effects were identified, as shown in Table 1. These results led to expectations
regarding the biological effects of the component, providing a strong foundation for the
subsequent experiments.

Table 1. Biological activities determined by PASS.

Activity Pa Pi

Hepatoprotectant 0.941 0.002
Anticarcinogenic 0.925 0.002

Aspartyltransferase inhibiting 0.666 0.008
Pa = probability of activity; Pi = probability of inactivity.

3.3. Liver Damage Biomarkers (AST and ALT)

Figures 3 and 4 show the effects of Vb pretreatment on levels of AST and ALT, re-
spectively, in the sera of rats intoxicated with a single sublethal dose of TA 0, 24, and 48 h
following TA intoxication. Significant increases in AST and ALT levels were observed
at 24 and 48 h in the group that received TA compared to the group without TA, which
confirms enzymatic activity as a marker of liver damage. Pretreatment with Vb in the
rat model of TA-induced hepatoxicity resulted in significant decreases in AST and ALT
levels, delaying liver injury at 24 and 48 h. According to the results, Vb demonstrated a
hepatoprotective effect.
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Figure 3. Effect of verbascoside pretreatment on levels of ALT activity in serum of rats intoxicated
with one sublethal dose of thioacetamide (TA). Samples were obtained 0, 24, and 48 h following
thioacetamide (TA) administration. The results are expressed in IU/L serum. Bars indicate the
mean ± S.E.M of four determinations in duplicate from four rats. Differences against the control are
expressed as (a), and differences due to Vb are expressed as (b) p < 0.05.
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Figure 4. Effect of verbascoside pretreatment on levels of AST activity in serum of rats intoxicated
with one sublethal dose of thioacetamide (TA). Samples were obtained 0, 24, and 48 h following
thioacetamide (TA) administration. The results are expressed in IU/L serum. Bars indicate the
mean ± S.E.M of four determinations in duplicate from four rats. Differences against the control are
expressed as (a), and differences due to Vb are expressed as (b) p < 0.05.

3.4. In Vitro Antiproliferative Activity

The antiproliferative activity of Vb was evaluated by an in vitro assay performed on a
human tumor cell line, HeLa (cervix adenocarcinoma), and on non-tumorigenic human
cells, MeT5A (mesothelium). Compared to the control culture, the percentage of viable
cells was above 50% for all tested concentrations (10–500 µM) in both cell types, indicating
the inability of Vb to induce any significant cytotoxicity up to 500 µM.



Sci. Pharm. 2023, 91, 40 8 of 14

3.5. Docking Assay

The docking assay for Vb was compared with Taxol®, as shown in Figure 5A, as well
as with the normal modes of tubulin following the vector presented in Figure 5B. The
main energies of interaction between the selected HeLa target and the studied molecules
(including the energies in the normal modes) are shown in Table 2.
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Figure 5. (A) Docking between the tubulin (Hela target) and the studied molecules in static crystalized
conformation and (B) normal modes of the studied tubulin. The green grid indicates the best
interaction cavity of the target.

Table 2. Principal interaction energies in kcal/mol.

Mode Molecule E LE Hbond Electro VdW

Static
Taxol® −205.85 −3.32 −6.27 −2.49 55.69

Verbascoside −161.23 −3.66 −9.21 −4.03 −32.63

1
Taxol® −167.75 −2.71 −2.52 −1.24 153.93

Verbascoside −143.84 −3.27 −8.26 2.85 −30.19

2
Taxol® −176.03 −2.84 −7.06 −0.49 −24.69

Verbascoside −143.68 −3.27 −9.99 1.70 57.14

3
Taxol® −168.94 −2.72 −6.35 1.25 −51.90

Verbascoside −137.84 −3.13 −1.48 1.14 −15.73

4
Taxol® −170.51 −2.75 −11.35 −1.97 −33.23

Verbascoside −180.94 −4.11 −17.47 −0.31 92.28

5
Taxol® −182.47 −2.94 −5.05 −1.07 −4.68

Verbascoside −143.76 −3.27 −10.01 0.50 −42.54
E, whole interaction energy; LE, ligand efficiency (LE = E/number of heavy atoms); Hbond, hydrogen bond
interactions; Electro, electrostatic interactions; VdW, van der Waals interactions.

The hydrogen bonds and electrostatic interactions are key in ligand–target docking, as
shown in Figures 6 and 7.

3.6. Toxicity Study

Vb was found to be non-toxic because the treatment did not cause any deaths within
14 days after administration in either treatment. Therefore, the estimated LD50 was above
5000 mg/kg. The evaluated animals did not show any major changes in behavior; body
weight; or macroscopic morphology of the heart, lungs, liver, or kidneys compared with to
those in the control group.
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Figure 6. Hydrogen bond interactions between (A) the selected target and verbascoside and between
(B) the selected target and Taxol®.
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Figure 7. Electrostatic interactions between (A) the selected target and verbascoside and between
(B) the selected target and Taxol®. Green lines depict attractive interactions, and red lines indicate
repulsive interactions.

4. Discussion

In this study, acetoside (a phenylethanoid glycoside compound), known as Vb, from
the aerial parts of Lf. was verified by NMR and compared with the results of previous
studies [29]. The Vb yield was approximately 30% of the total extract. Moreover, studies
have shown that the yield of acetoside in other medicinal plants, such as Cistanches spp.,
Castilleja spp., and Plantago spp. [30,31], varies between 0.63 and 0.93% [32], which is not
consistent with the results obtained in our study. These results suggest that the extraction
and isolation used in our study effectively produced Vb.

In the present study, we examined the correlation between Vb and the levels of AST
and ALT in rats intoxicated with one sublethal dose of TA to simulate what occurs clinically
during liver damage. We used TA to induce acute and chronic liver injury [4], and TA
was chosen as the highest dose, with survival above 90% [17]. The rats in this study
showed significant increases in AST and ALT levels in response to the TA administration
compared to those in the control group. These results are consistent with previous studies,
which reported an increase in the levels of these enzymes in correlation with damage to the
structural integrity of the liver [33,34]. This indicates the presence of necrosis of hepatocytes,
resulting in a deficiency of transaminase, structural alterations, and interference with the
integrity of the hepatocytes. AST and ALT levels are ideal to study because they simulate
the clinical characteristics of human pathology [5].

Our study revealed the hepatoprotective effect of Vb from Lf against TA-induced
hepatotoxicity for the first time. Vb + TA resulted in a significant decrease in ALT and
AST serum levels, which is representative of hepatic damage. These in vivo evaluations
were correlated with in silico analyses, showing a probability of Vb being hepatoprotective.
The results are consistent with previous studies that have shown that Vb exhibits a potent
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hepatoprotective effect against some hepatotoxicants, such as carbon tetrachloride, D-
galactosamine, and lipopolysaccharide [15,33–38], as it inhibited the serum levels of ALT
and AST. These results can be attributed to the ability of Vb to conserve liver cell membrane
integrity against necrotic damage by TA, the reduction in the rate of transaminase release,
and cellular membrane stabilization [39].

However, the mechanisms by which Vb protects against TA-induced hepatotoxicity are
unclear. In recent years, studies have shown that liver injury is a complex process involving
multiple factors, including oxygen free radical responses, lipid peroxidation, and inflamma-
tory responses [40]. TA-induced hepatotoxicity involves multiple mechanisms, including
metabolic activation by CYP2E1, leading to the formation of the reactive metabolites S-oxide
(TASO) and S-dioxide (TASO2) [41,42]. These active intermediates lead to the formation of
adducts of proteins, lipids, nucleic acids, and reactive oxygen species (ROS), which pro-
motes lipid and protein peroxidation and mitochondrial damage [5]. Vb has been shown to
suppress P450 2E1 protein levels [37]; inhibit apoptosis in D-GalN and LPS-induced liver
injury [38]; and decrease the serum level of various enzymes, such as alkaline phosphatase,
gamma-glutamyl transferase enzymes, and total and direct bilirubin [35]. In addition, Vb
increases the total serum protein and albumin, attenuates lipid peroxidation, and increases
GSH in the liver [19]. Vb also inhibits lipopolysaccharide-induced production of nitric
oxide and scavenges both superoxide radicals and DPPH radicals [35]. This suggests that
the hepatoprotective effect of Vb may be associated with other molecular mechanisms
associated with its various pharmacological activities, such as anti-tumor, antioxidant,
anti-inflammatory, antinephritic, and antimetastatic activities [39,43–48]. However, further
studies are necessary to confirm this hypothesis.

Moreover, cytotoxicity studies have been performed on natural products (extracts
or pure compounds) to determine their ability to act as antitumor agents, owing to their
extreme structural diversity and chemical complexity and because they act pleiotropically
to modulate several cellular signaling pathways [49]. This study revealed, for the first
time, that Vb is not cytotoxic against a human tumor cell line, HeLa, or non-tumorigenic
human cells. However, other studies have reported that Vb exhibited cytotoxic effects
against other human cancer cell lines [50,51] and demonstrated marginal toxicity against
human peripheral blood mononuclear cells [52]. These discrepancies may be attributed to
the ability of Vb to act independently of the tumor genetic background, suggesting that
its antitumor effect may involve modulation of oncogenic signaling pathways and other
mechanisms. Notably, its antitumor effect was found to surpass the modulation of these
oncogenic signaling pathways, making it a promising candidate for further investigation
and potential therapeutic development.

Therefore, it is important to consider these results when searching for new therapeutic
alternatives to prevent liver damage and to determine other parameters of liver damage
and different cancer cell lines and their mechanisms of action.

Figure 5A shows the interaction of a commercial drug, Taxol®, and the studied
molecule, Vb, with the HeLa target. When all the cavities of the target were tested, the
green-colored cavity was found to be the best interacting cavity. Figure 5B shows the
normal modes of the studied tubulin, considering that the structure was obtained following
the vector of the normal mode. In the site around the interacting cavity, a notable opening
of this site is visible, separating the residues and opening the active site.

Regarding the interaction energies, Table 2 shows that while Taxol® has a total energy
of −205.85 kcal/mol compared to −161.23 kcal/mol for Vb, and the molecule size plays a
crucial role in the improved interaction of the last molecule. This is important because LE
is generally a better parameter to compare the interaction of two or more molecules with a
selected target. Despite the use of LE, in prior works, this parameter has been shown to
correlate with experimental results [53]. A more negative value of LE indicates an improved
interaction. Thus, Vb has a better interaction than Taxol®, with LE values of −3.66 and
−3.32 kcal/mol, respectively [21–25,54].
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These results were corroborated using the normal modes of the studied tubulin,
in which all conformations of the protein showed adequate values of LE (see Table 2),
including the case of the normal mode, which is the opening of the active site, with LE
values of −2.75 kcal/mol for Taxol® and −4.11 for Vb. We determined that Vb interacts
better with the HeLa target than Taxol®, as shown in Table 2. LE is a crucial parameter;
however, hydrogen bond energy also plays a crucial role in ligand–target interactions. For
example, in the static mode, the value for Vb is −9.21 kcal/mol, while for Taxol®, it is
−6.27 kcal/mol [21–25,54].

We analyzed these interactions, and Figure 6 shows the primary amino acid residues
that interact with the studied molecules, Thr 685 and His 638, which are common in
both cases. However, Vb presents two more interactions than Taxol®, resulting in more
hydrogen bond interactions. Figure 7 presents similar behavior of the hydrogen bonds,
with Vb generating more attractive interactions compared to Taxol® [21–25,54]. Thus, the
selected target has more interactions with Vb. Taxol® was used as a control drug in the case
of in silico assays.

Finally, the acute toxicity results revealed the non-toxic nature of Vb. The oral LD50
value for Vb was above 5000 mg/kg. Animals tolerated the 5000 mg/kg dose well, and
there were no toxic symptoms or deaths during the experimental period. Postmortem
examinations showed the macroscopic morphology of the liver, spleen, lungs, kidneys, and
stomach, with normal color and morphology compared with the vehicle. These results are
consistent with those reported in previous studies [35]. Generally, Vb can be classified as a
non-toxic treatment, with an oral LD50 higher than 4 g/kg considered safe [55].

5. Conclusions

This study demonstrated that Vb exhibits potent hepatoprotective action upon TA-
induced hepatic damage in rats and is non-toxic. The results suggest that Vb isolated from
Leucophyllum frutescens may be a new alternative therapeutic for the treatment of liver injury.
Therefore, further study is required through clinical studies to establish adequate doses
in humans. The results of the docking studies demonstrated that Vb can interact with a
HeLa target through hydrogen bonds and electrostatic interactions, surpassing commercial
chemotherapeutic Taxol® by 0.34 kcal/mol.
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