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ABSTRACT
Aim/Background: To assess the liver antifibrotic action of ethanolic 
extract of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. 
ex Willd.) (SVE) and correlate this activity with its high performance liquid 
chromatography‑quadrupole time of flight (HPLC‑qTOF) Electrospray 
Ionisation Mass Spectrometry (ESIMS)  phytochemical profile. 
Materials and Methods: The median lethal dose of SVE was determined, 
and a rat model of carbon tetrachloride (CCl4)‑induced liver fibrosis was 
used to evaluate its antifibrotic activity. Markers for hepatotoxicity, fibrosis, 
and oxidative stress were assessed, and histopathological features of 
liver tissues were examined. Metabolite profiling of SVE was achieved 
via HPLC‑qTOF‑ESIMS coupled with  Photodiode array  (PDA). Liver 
fibrosis was induced in rats by oral administration of CCl4 for 6  weeks. 
Silymarin  (positive control) and SVE (100 and 250 mg/kg) were orally 
administered daily for 6  weeks. Results: Compared to CCl4‑intoxicated 
group, administration of SVE obviously ameliorated fibrosis of the 
hepatic capsule associated with aggregation of multiple focal fat cells 
formation. Both silymarin and SVE ameliorated the rise in serum markers 
of hepatotoxicity  (alanine transaminase, aspartate transaminase, and 
alkaline phosphatase), markedly attenuated CCl4‑induced oxidative stress. 
The antifibrotic activity of SVE was evidenced by inhibiting the rise in 
hepatic hydroxyproline content and accumulation of collagen. This was 
confirmed by the ability of SVE to inhibit alterations in expression of the 
fibrosis‑related genes Collagen Iα, matrixmetalloproteinase‑2 (MMP‑2), 
tissue inhibitor matrix metalloproteinase‑2, and transforming growth factor 
beta 1. HPLC‑qTOF‑ESIMS analysis of SVE revealed the presence of 47 
metabolites, among which 33 were tentatively identified. Conclusion: SVE 
exhibited hepatoprotective and antifibrotic activities in rats by enhancing 
the antioxidant capacity and regulating expression of fibrogenic mediators.
Key words: Antifibrotic activity, ESIMS, high performance liquid 
chromatography, liver, metabolite profiling, Solanum villosum

SUMMARY
•  Compared to carbon tetrachloride  (CCl4)‑intoxicated group, administration 

of ethanolic extract of aerial parts of Solanum villosum Mill subsp. 
miniatum  (Bernh. ex Willd.)  (SVE) significantly decreased fibrosis of the 
hepatic capsule associated with aggregation of multiple focal fat cells 
formation. Both silymarin and SVE reversed the biochemical markers of 
hepatotoxicity  (alanine transaminase, aspartate transaminase, and alkaline 
phosphatase), markedly attenuated CCl4‑induced oxidative stress by 
ameliorating the decline in the activities of superoxide dismutase, catalase, 
and glutathione reductase and impeding accumulation of lipid peroxidation 
products. SVE inhibited alterations in expression of the fibrosis‑related 
genes Collagen Iα, MMP‑2, tissue inhibitor matrix metalloproteinase‑2, 
and transforming growth factor beta 1. This was further confirmed by 

inhibiting the rise in hepatic hydroxyproline content. High performance liquid 
chromatography‑quadrupole time of flight ESIMS analysis of SVE revealed 
the presence of 47 metabolites, among which 33 were tentatively identified. 
In conclusion, the metabolic profile of the investigated extract indicated the 
presence of a mixture of bioactive components, especially steroidal saponins, 
steroidal glycoalkaloids, and polyphenols that possibly contribute to observed 
hepatoprotective and antifibrotic activities in rats.

Abbreviations used: µl: Microliter; µM: Micrometer; µmol: Micromole; 
ALP: Alkaline phosphatase; ALT: Alanine transaminase; ANOVA: Analysis 
of variance; AST: Aspartate transaminase; CAT: Catalase; CCl4: Carbon 
tetrachloride; cDNA: Complementary deoxyribonucleic acid; Col‑1α: 
Collagen alpha 1; DAD: Diode array detector; DM: Diabetes mellitus; DMSO: 
Dimethylsulfoxide; DNA: Deoxyribonucleic acid; ECM: Extracellular matrix; 
ESI: Electrospray ionization; eV: Electron volt; Fig: Figure; GHS: Globally 
Harmonized System of Classification and Labeling of Chemicals; GR: 
Glutathione reductase; GSH: Glutathione reduced; H and E: Hematoxylin 
and eosin; HPLC: High performance liquid chromatography; Hz: Hertz; Kg: 
Kilogram; LD50: Median lethal dose; LDH: Lactate dehydrogenase; m/z: 
Mass per charge; M+: Molecular ion peak; 
MDA: Malondialdehyde; MeOH: Methanol; 
Mg: Milligram; mg/dl: Milligram per deciliter; 
mg/ml: Milligram per milliliter; min: Minute; 
Ml: Milliliter; mM: Millimolar; mmol: Millimole; 
MMP‑2: Matrix metalloproteinase‑2; MS: Mass 
spectroscopy; MS/MS: Mass spectrometry/
Mass spectrometry; NADPH: Reduced 
nicotinamide adenine dinucleotide phosphate; 
Nm: Nanometer; OECD: Organisation for 

ORIGINAL ARTICLEPharmacogn. Mag.
A multifaceted peer reviewed journal in the field of Pharmacognosy and Natural Products
www.phcog.com | www.phcog.net

Metabolic Profiling of Solanum villosum Mill subsp. miniatum 
(Bernh. ex Willd.): Hepatoprotective and Antifibrotic Activity in a 
Rat Model of Liver Fibrosis
Alaa El-Din E. Abdel-Hamid, Riham Salah El Dine, Jandirk Sendker1, Soheir M. El Zalabani, Meselhy R. Meselhy,  
Elena Jimenez-Negro1, Ashraf B. Abdel-Naim2

Department of Pharmacognosy, Faculty of Pharmacy, Cairo University, Cairo, Egypt, 1Institute of Pharmaceutical Biology and Phytochemistry, University of Münster, 
Münster, Germany, 2Department of Pharmacology and Toxicology, Faculty of Pharmacy, King Abdulaziz University, Jeddah, Saudi Arabia

Submitted: 26-10-2018 Revised: 05-12-2018 Published: 19-09-2019

This is an open access journal, and articles are distributed under the terms of the 
Creative Commons Attribution‑NonCommercial‑ShareAlike 4.0 License, which 
allows others to remix, tweak, and build upon the work non‑commercially, as long as 
appropriate credit is given and the new creations are licensed under the identical terms.

For reprints contact: reprints@medknow.com

Cite this article as: Abdel-Hamid AE, El Dine RS, Sendker J, El Zalabani SM, 
Meselhy MR, Jimenez-Negro E, et al. Metabolic profiling of Solanum villosum mill 
subsp. miniatum (bernh. ex willd.): Hepatoprotective and antifibrotic activity in a 
rat model of liver fibrosis. Phcog Mag 2019;15:659‑70.

Access this article online
Website: www.phcog.com
Quick Response Code:



ALAA EL‑DIN E. ABDEL‑HAMID, et al.: Metabolic Profiling and Hepatoprotective Activity of Solanum villosum

660 Pharmacognosy Magazine, Volume 15, Issue 65, October-December 2019

INTRODUCTION
Solanum is a large and diverse genus of annual and perennial 
plants; the majority of which are used in folk medicine[1] and some 
are important foodstuffs. Plants of this genus are rich in steroidal 
saponins, glycoalkaloids,[2] and phenolic compounds.[3] Solanum 
villosum Mill subsp. miniatum (Bernh. ex Willd.) is distributed and the 
most predominant in Africa[4] and used traditionally in the treatment 
of inflammatory swelling as well as liver and spleen enlargement, sore 
eye, and is easily available to the local people.[5] Leaves of this plant 
are also eaten as boiled salad, and its orange berries are consumed as 
fruit.[6] The antioxidant capacity and free radical scavenging activity 
of the ethanol extract of S. villosum as well as the effects related to 
its bioactive phytochemical constituents were evaluated.[7] The 
chloroform: methanol extract (1:1 v/v) of mature green leaves showed 
potent larvicidal activity against the fourth instar larval form of 
Culex quinquefasciatus,[6] while green, mature fruits extract showed 
potential biocontrol agent against Stegomyia aegypti, a common 
vector of dengue fever.[8]

Liver fibrosis is not an independent disease but rather a histological 
change caused by liver inflammation and characterized by imbalance 
in the production and degradation of extracellular matrix  (ECM) 
components in the liver.[9] Under chronic stress, the localized fibrosis 
expands, eventually leading to cirrhosis, increased risk of liver cancer, 
and the need for a liver transplant in advanced stages. Extensive 
progresses toward better understanding of the cellular and molecular 
mechanisms of liver fibrosis have greatly motivated the development 
of potential antifibrotic agents.[10] Unfortunately, drugs used to reduce 
fibrosis (such as corticosteroids or penicillamine) are usually either too 
toxic to be taken for long time or ineffective.[11,12] On the contrary, the 
broad spectrum of biological activities offered by natural products and 
herbal medicines has increased interest in their potential for treating 
liver fibrosis.[13]

MATERIALS AND METHODS
Chemicals
Carbon tetrachloride  (CCl4), dimethylsulfoxide  (DMSO), corn oil, 
p‑nitrophenol, p‑nitrocatechol, Ellman’s reagent, chloramine‑T, 
p‑dimethylaminobenzaldehyde, indocyanine green, and thiobarbituric 
acid were purchased from Sigma‑Aldrich (St Louis, MO, USA). Reduced 
nicotinamide adenine dinucleotide phosphate was supplied by Sorachim 
Chemicals  (Lausanne, Switzerland). All other chemicals were of 
commercial grade.

Plant material
The aerial parts of S. villosum Mill subsp. miniatum (Bernh. ex Willd.) 
were collected during fruiting stage in April 2014 from plants cultivated 
at the Experimental Plants Station, Faculty of Pharmacy, Cairo 
University, Giza, Egypt. Identity of the plant material was verified by 

Dr. Reem Samir Hamdy, Associate Professor of Taxonomy and Flora, 
Department of Botany, Faculty of Science, Cairo University. A Voucher 
specimen (No 2014.6.2a) was deposited at the Herbarium of the 
Department of Pharmacognosy, Faculty of Pharmacy, Cairo University.

Extraction
The powdered air‑dried aerial parts of S. villosum (1.5 kg) were extracted 
thrice with 95% ethanol (4.5 L), at room temperature. The solvent was 
evaporated under reduced pressure to yield 200 g of dark green semisolid 
residue. This residue (referred to herein as SVE) was kept at 4°C until 
further use.

High performance liquid chromatography-
quadrupole time of flight ESIMS analysis
Chromatographic separation was performed by means of a Dionex 
Ultimate 3000 RS Liquid Chromatography System, on a Dionex Acclaim 
RSLC 120, C18 column (2.1 mm × 100 mm, 2.2 µm). Sample injection 
volume was 2 µL. The binary elution system consisted of A: H2O with 
0.1% formic acid and B: MeCN with 0.1% formic acid, at 0.4 mL/min. 
A  stepwise elution gradient was adopted: 0–5  min, 5% B; 5–37  min, 
linear 5%–100% B; 37–47  min, isocratic 100% B; 47–48  min, linear 
100%–5% B; 48–55 min, isocratic 5% B. Detection of eluted compounds 
was performed with a Dionex Ultimate diode array detector‑3000 
RS, over a wavelength range of 200–400 nm and a Bruker Daltonics 
micro TOF‑QII time‑of‑flight mass spectrometer equipped with an 
Apollo electrospray ionization source in positive mode at 3 Hz over a 
mass range of m/z 50–1500. The instrument settings were adjusted as 
follows: nebulizer gas N2, 4 bar; dry gas N2, 9 L/min, 200°C; capillary 
voltage, −4500 V; end plate offset, −500 V; transfer time, 100 µs; 
prepulse storage, 6 µs; collision gas, N2; collision energy, 8 eV (FullMS) 
or 40 eV (mass spectroscopy [MS]/MS); collision RF 130 Vpp. MS/MS 
scans were triggered using AutoMS2 settings that select up to two ions, 
within an m/z range of 200–1500 and a minimum intensity of 2000 
counts as precursor ions for two successive MS/MS scans, unless the 
same ion has been either selected as precursor ion within 10s earlier 
in time or identified as constant background signal. Internal dataset 
calibration (HPC mode) was performed for each analysis using the mass 
spectrum of a 10 mM solution of sodium formate in 50% isopropanol 
that was infused during liquid chromatography  (LC) re‑equilibration 
using a divert valve equipped with a 20 µL sample loop.

Sample preparation for high performance liquid 
chromatography-quadrupole time of flight-ESIMS
A known weight of the SVE was dissolved in methanol  (MeOH) 
by ultrasonication for 10  min. The solution was centrifuged, and 
the supernatant was transferred and diluted with MeOH to a final 
concentration of 5 mg/mL. This solution was used for LC‑MS analysis.
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Data processing
LC‑MS data were processed using the Dissect Compounds function of 
Data Analysis 4.1 SR1 (Bruker Daltonics) using an internal s/n threshold 
of 5 and a maximum number of overlapping compounds of 5. The 
monoisotopic molecular weight of each compound was determined 
through an in‑house visual basic for application script from the most 
intense adduct ion found in its full MS spectrum. Compounds were 
tentatively identified or characterized based on accurate m/z values of 
adduct ions, fragment ions, or neutral losses observed in full MS or 
preferably MS/MS spectra and whenever possible, ultraviolet  (UV) 
spectra. Identification was aided through METLIN and KNApSAcK 
databases.[14,15]

Assessment of antifibrotic activity
Animals
Male Wistar rats, weighing 200–250 g, were purchased from the 
animal house of King Fahd Medical Research Center, King Abdulaziz 
University. Animal handling and experimental protocol were approved 
by the Unit of Biomedical Ethics at King Abdulaziz University, Jeddah, 
Saudi Arabia (Reference # 157‑14) and were housed in a well‑ventilated, 
temperature‑controlled room at 22°C ± 3°C with 12 h light/dark cycle. 
Food consisted of normal rat chow and water provided ad libitum.

Acute oral toxicity study (median lethal dose)
The acute toxicity of SVE was tested in male SWR mice (6 mice) according 
to Organisation for Economic Co‑operation and Development (OECD) 
guidelines, Annex 2d.[16] Animals were fasted overnight and the extract 
administered orally using a gastric needle at a dose up to 5000 mg/kg 
(in 1% DMSO in saline, 10 ml/kg dosing volume).

Experimental protocol
Rats were randomly divided into five groups of six animals each. Group 
A (control group) received 1% DMSO in saline (1 ml/kg, P.O., daily) 
as well as corn oil  (1 ml/kg, P.O., 3  times/week). Group B  (fibrosis 
model group) received 1% DMSO in saline  (1 ml/kg, P.O., daily) as 
well as CCl4 mixed with corn oil 1:1  (0.5 ml/kg, P.O., 3  times/week). 
Dose and regimen of CCl4 were based on data published in literature 
with little modifications.[17] Group C was given silymarin in 1% DMSO 
(50 mg/kg, P.O., daily) along with CCl4 mixed with corn oil 1:1 (1 ml/kg, 
P.O., 3 times/week). Groups D and E were given P.O. daily SVE dissolved 
in 1% DMSO in saline (100 or 250 mg/kg, respectively) together with 
CCl4 mixed with corn oil 1:1 (1 ml/kg, P.O., 3 times/week). The choice 
of these two doses was based on a preliminary experiment as well as 
high safety of the extract as indicated by median lethal dose  (LD50) 
testing.
All animals were treated over a period of 6 weeks; then, blood samples 
were collected from the retro‑orbital plexus. Animals were anesthetized 
with 100 mg/kg ketamine and 10 mg/kg xylazine. Sera  (separated by 
centrifugation at 1000 rpm, for 10 min) were used for assessment of liver 
functions. Rats were sacrificed by decapitation 24 h after the last treatment 
and livers were dissected out and weighed. Each liver was divided 
into three parts: the first was kept in formalin for histopathological 
examination, the second was saved for homogenization in phosphate 
buffer saline  (0.1 M, pH  7.4), and the last part was kept as such in 
ribonucleic acid (RNA) stabilization solution for 24 h. Both second and 
third portions were then kept at −80°C for subsequent analyses.

Hepatotoxicity markers
Aspartate transaminase  (AST), alanine transaminase  (ALT), and 
alkaline phosphatase  (ALP) activities were assessed colorimetrically 

using commercial assay kits and following the instructions indicated by 
the manufacturer (Biodiagnostics, Dokki, Giza, Egypt).

Evaluation of oxidative status
Generation of lipid peroxides was assessed by measuring the 
concentration of thiobarbituric acid reactive substances calculated 
as malondialdehyde  (MDA) in homogenates according to previous 
methods.[17] Superoxide dismutase (SOD) and catalase (CAT) activities 
and H2O2 content were assessed in liver homogenates using commercial 
assay kits according to the manufacturer’s instructions  (Biodiagnostic, 
Dokki, Giza, Egypt). Assessment of glutathione reductase  (GR) was 
according to previous procedures.[18]

Determination of hydroxyproline
Total hydroxyproline content  (pg/mg liver tissue) was determined 
according to previous reports[19] and used as a quantitative measure of 
collagen deposition and fibrosis.

Assessment of gene fibrosis markers by real-time 
polymerase chain reaction
The gene markers, collagen 1α, MMP‑2, tissue inhibitor matrix 
metalloproteinase‑2  (TIMP‑2), and transforming growth factor 
beta 1  (TGF‑β1) were assessed by real‑time polymerase chain 
reaction (PCR) (RNA preparation, reverse transcription, and quantitative 
real‑time PCR) according to previous methods.[20] Total RNA was 
extracted from liver tissue homogenate using the RNeasy plus mini 
kit  (Qiagen, Venlo, The Netherlands), according to the manufacturer’s 
protocol. Genomic DNA was eliminated by a DNase‑on‑column 
treatment supplied with the kit.
The RNA concentration was determined spectrophotometrically by 
measuring the absorbance at 260 nm using a NanoDrop ND‑1000 
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), 
and the ratio of the absorbance at 260 and 280 nm was used to assess 
the purity of RNA. Complementary deoxyribonucleic acid  (cDNA) 
was synthesized from 1 µg RNA using a high capacity cDNA reverse 
transcription kit  (Promega Benelux Biotechnology, Leiden, The 
Netherlands). Real‑time quantitative PCR was performed with an 
ABI PRISM 7500 fast sequence detection system  (Applied Biosystems 
Inc., Carlsbad, California, USA) to detect the expression levels of 
collagen alpha 1, matrix metalloproteinase2  (MMP‑2), TIMP‑2, and 
TGF‑β. Beta‑actin was used as an internal control. Each 10 µl reaction 
contained 5 µl SYBR Green Master Mix  (Applied Biosystems Inc., 
Carlsbad, California, USA), 0.3 µl gene‑specific forward and reverse 
primers (10 µM), 2.8 µl cDNA, and 1.9 µl nuclease‑free water. The 
sequences of PCR primer pairs used for each gene were recorded, and 
data were analyzed with the ABI Prism sequence[20] from PE Applied 
Biosystems  (Foster City, CA, USA) and expressed as the mean fold 
change  ±  standard error  (SE) for three independent amplifications. 
Relative expression of studied genes was calculated using the comparative 
threshold cycle method.

Histopathological analysis
For histopathological examination, samples of rat livers from control and 
experimental groups were fixed in 10% neutral‑buffered formaldehyde 
for 24 h. The standard method of dehydration, immersion in xylene and 
embedding in paraffin at 56°C in hot air oven for 24 h was used. Sections, 
4‑µm thick, were prepared by means of a sledge microtome and stained 
with hematoxylin and eosin  (H and E) then with Masson’s Trichrome 
stain to allow visualization of collagen fibers in the fibrotic tissues.[21] 
Stained slides were examined and photographed using a Nikon TE 2000 
microscope (Nikon, Japan).
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Statistical analysis
Data are presented as mean ± SE. Multiple comparisons were performed 
using one‑way analysis of variance followed by Tukey–Kramer as a post 
hoc test  (GraphPad Prism 6.01, GraphPad Software, Inc., San Diego, 
CA, USA). Differences between groups were considered significant at 
P < 0.05.

RESULTS
High performance liquid chromatography-PDA-
ESIMS analysis of ethanolic extract of Solanum 
villosum
Analysis of the chemical constituents of SVE by high performance 
liquid chromatography‑quadrupole TOF‑ESIMS revealed the presence 
of 47 metabolites  [Table  1 and Figure  1]. Tentative identification 
of 33 was made possible with the aid of METLIN and KNApSAcK 
databases.[14,15] The identities, retention times, UV characteristics, and 
observed molecular and fragment ions for individual components are 
depicted in Table  2. The identified metabolites included 1 coumarin 
(Scopoletin), 3 flavonoids, 1 phenolic acid (Phaseolic acid), 1 fatty acid 
(3‑(1‑hydroxymethyl‑1‑propenyl) glutaric acid), 6 N‑phenylpropenoyl 
amides, 10 steroidal saponins, and 11 steroidal alkaloids.

Steroidal alkaloids
N‑containing [M+H]+ ions, corresponding [M+H+Na]2+ ions, and a 
fragmentation pattern indicating a glycosidic moiety [Figure 2]. Among 
these, three different glycosylation patterns were observed, which 

match chacotriose  (neutral loss of 454 µ), solatriose (neutral loss of 
470 µ), and their hydrolysis product (leading to β1‑ or β2‑compounds, 
neutral loss of 308 µ), all of them being common features of Solanum 
glycoalkaloids  [Table  2].[22] Each glycosylation pattern occurred with 
three different C27‑aglycon masses [Table 2]. In addition, compounds 42 
and 45 were detected as free aglycones of these compounds. The aglycones 
of all eleven compounds were in turn characterized by analyzing the 
product ion spectra of either their [M+H]+ or of the aglycone fragment if 
available (pseudo‑MS3). Steroidal alkaloids of spirosolan‑type (solasodine 

Figure  1: Liquid chromatography-mass spectroscopy peak detected in 
the ethanol extract of Solanum villosum (filled black plots), overlayed with 
a total ion chromatogram  (gray plot). Characterized peaks are labeled 
with their peak numbers

Table 1: Tentative identification of HPLC-qTOF-ESIMS peaks detected in the ethanol extract of Solanum villosum

Number Tentative assignment Adduct ion Molecular formula Error/mu mSigma
7 N‑feruloylagmatine 307.1804 [M+H]+ C15H22N4O3 3.9 12.9
8 3‑(1‑hydroxymethyl‑1‑propenyl) glutaric acid 225.0762 [M+Na]+ C9H14O5 −2.9 8.1
9 Phaseolic acid 319.0454 [M+Na]+ C13H12O8 −2.9 9.4
10 Quercetindihexoside 627.1615 [M+H]+ C27H30O17 −6.0 5.2
11 Scopoletin 193.0518 [M+H]+ C10H8O4 −2.2 21.1
12 Dihydroxy solasodine solatrioside 916.4983 [M+H]+ C45H73NO18 −8.3 21.6
14 Kaempferol dihexoside 611.1678 [M+H]+ C27H30O16 −7.2 33.0
15 Dihydroxy solasodine chacotrioside 900.5036 [M+H]+ C45H73NO16 −8.5 11.6
16 N‑coumaroyloctopamine 322.1090 [M+Na]+ C17H17NO4 4.1 12.6
17 Isoquercetin 465.1086 [M+H]+ C21H20O12 −5.9 20.3
19 Dihydroxy solasodine diglycoside 754.4450 [M+H]+ C39H63NO13 7.8 16.8
20 Feruloyloctopamine 352.1186 [M+Na]+ C18H19NO5 3.1 22.0
21 12‑hydroxysolasonine 900.5038 [M+H]+ C45H73NO17 8.7 9.6
22 3‑O‑chacotriosyl‑21‑hydroxysolasodine 884.5101 [M+H]+ C45H73NO16 9.8 4.0
25 N‑coumaroyltyramine 284.1310 [M+H]+ C17H17NO3 −2.9 22.0
26 Hydroxy solasodine diglycoside 738.4515 [M+H]+ C39H63NO12 −9.2 26.6
27 Spirostenolpentaglycoside 1195.5830 [M+H]+ C56H90O27 −8.2 110.6
29 N‑feruloyltyramine 314.1417 [M+H]+ C18H19NO4 3.1 6.9
30 α‑solasonine 884.5087 [M+H]+ C45H73NO16 8.5 6.0
32 α‑solamargine 868.5153 [M+H]+ C45H73NO15 10.0 4.7
33 Δ5,6‑dehydrotigonin 1195.5884 [M+H]+ C56H90O27 −14.2 143.9
34 Tigonin 1197.6021 [M+H]+ C56H93O27 12.3 69.9
36 Diosgenintetraglycoside 1031.5516 [M+H]+ C51H82O21 9.4 31.6
38 Solasonine diglycoside 722.4568 [M+H]+ C39H63NO11 9.4 7.4
39 Spirostendiolpentaglycoside 1211.5816 [M+H]+ C56H90O28 12.5 81.6
40 Tigogeninhexaglycoside 1313.6528 [M+H]+ C61H100O30 −15.6 90.9
41 Tricoumaroylspermidine 584.2799 [M+H]+ C34H37N3O6 −4.4 124,7
42 Hydroxy solasodine 430.3339 [M+H]+ C27H43NO3 2.4 25.5
45 Solasodine 414.3403 [M+H]+ C27H43NO2 −3.7 27.4
50 Tigogenintetraglycoside 1087.5422 [M+Na]+ C51H84O23 12.6 31.5
51 Degalactotigonin 1035.5455 [M+H]+ C50H82O22 8.4 43.6
52 Tigogenin pentaglycoside 1173.5853 [M+Na]+ C55H90O25 −18.9 11.4
53 Tigogenintriglycoside 925.4886 [M+Na]+ C45H74O18 12.0 17.9a

amSigma values were determined from raw data



ALAA EL‑DIN E. ABDEL‑HAMID, et al.: Metabolic Profiling and Hepatoprotective Activity of Solanum villosum

Pharmacognosy Magazine, Volume 15, Issue 65, October-December 2019 663

and solasodine glycosides) and of solanidan‑type (solanidine glycosides) 
have been reported to occur in S. villosum.[23,24] Solasodine‑type steroidal 
alkaloids can be recognized by diagnostic fragments resulting from the 
cleavage of their F ring, which is an ion at m/z 114 and a neutral loss of 
143 u (C8H17NO) for compounds without F ring modifications such as 
solasodine. The absence of a fragment ion at m/z 161 suggests that all 
eleven compounds have a 5, 6 double bond.[25]

An ion at m/z 114 was found in all product ion spectra except those of 12, 
15, and 19, which were indistinguishable with regard to their aglycone 
fragments. These three compounds have two more oxygens than 
solasodine, and their product ion spectra showed a neutral loss of 159 
u (C8H17NO2 by accurate mass) between the aglycone fragment at m/z 
446 and its fragment ion at m/z 287. We therefore suggest that 12, 15, and 
19 are dihydroxysolasodine glycosides with a hydroxylated F ring, which 

apparently prevented the formation of the diagnostic fragment at m/z 
114. The remaining hydroxyl group must be attached to rings A  –  D 
as indicated by the fragment ions at m/z 287 and two fragment ions at 
m/z 269 and 251, which represent the elimination of one or two water 
molecules from m/z 287, respectively.
Mass spectra of 30, 32, 38, and 45 each showed an aglycone signal at 
m/z 414; their product ion spectra were indistinguishable with regard 
to their diagnostic aglycone fragments at m/z 114, 271, and 253. The 
product ion spectra of m/z 414 were identical to reference spectra of 
solasodine[26] (MID 41805). Thus, 30 was identified as α‑solasonine, 32 
as α‑solamargine, and 45 as solasodine; all three are known constituents 
of S. villosum.[23,24] Compound 38 can be taken as the result of either 
cleaving one glucosyl moiety from 30 (β1‑solasonine) or one rhamnosyl 
moiety from 32 (β1‑or β2‑solamargine).
Mass spectra of 21, 22, 26, and 42 each showed an aglycone signal 
at m/z 430 with an accurate mass indicating one more oxygen 
atom than solasodine. The product ion spectra of 21, 26, and 
42 were indistinguishable with regard to their diagnostic aglycone 
fragments: m/z 114 indicates an unmodified F ring as found in 
solasodine; as aforementioned. The fragment ions at m/z 287, 267, and 
251 indicate an additional hydroxyl group at rings A – D. Compound 
21 was tentatively assigned as 12‑hydroxysolasonine, which is a known 
constituent of S. lycocarpum.[14] In contrast, 22 shows the fragment ions of 
solasodine, at m/z 114, 271, and 253 [Figure 3]. Thus, the only remaining 
options for the additional oxygen atom are hydroxylation of C‑20 or 
the adjacent methyl group C‑21 [Figure 3]. The only known compound 
with this structural feature is 21‑hydroxysycophantine, which has been 
isolated from Solanum sycophanta Dunal.[27] As this compound has a 

Table 2: Peak numbers of steroidal glycosides detected in the ethanol extract of Solanum villosum, arranged according to aglycone type and composition of 
sugar chains

Neutral loss 
of sugar chain

Sugar chain 
composition

Steroidal alkaloid aglycones Steroidal saponin aglycones

m/z 414 
C27H43NO2

m/z 430 
C27H43NO3

m/z 446 
C27H43NO4

m/z 415 
C27H42O3

m/z 417 
C27H44O3

m/z 431 
C27H42O4

308 dhex1hex1 38 26 19
454 dhex2hex1 32 22 15
470 dhex1hex2 30 21 12
486 hex3 53
616 dhex2hex2 36
618 hex3pen1 51
648 hex4 50
734 dhex1hex2pen2 52
780 hex4pen1 27, 33 34 39
896 dhex1hex3pen2 40

Figure  2: +ESIMS mass spectrum and product ion spectrum of 
protonated 22. Molecular formulas are given for signals of diagnostic 
ions only. The product ion spectrum expansion shown in the lower panel 
was used for characterizing the aglycone. Fragment ions of the aglycone 
are distinguishable from fragment ions of the sugar chain by their mass 
defect Figure 3: Proposed structure and fragmentation of the aglycone of 22
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different sugar chain, 22 should be a new natural compound, most likely 
3‑O‑chacotriosyl‑21‑hydroxysolasodine. The specific assignments of 21, 
22, 30, 32 and 45 to particular compounds are based on the assumption 
that stereochemistry and linkage positions within the sugar chains 
are identical to previously described steroidal alkaloid glycosides of 
S. villosum or other Solanum species and insofar inductive.[23]

N-phenyl propenoyl amides
Compound 41 is another nitrogenous compound with a molecular 
formula of C34H37N3O6 whose product ion pattern resembles that of 
a steroidal alkaloid glycoside. The accurate masses of its product ions 
however indicate the presence of three coumaroyl moieties attached to 
a C7H19N3 skeleton [Figure 4]. A prominent m/z signal of the molecule 
indicates that none of the three nitrogen atoms has basic properties. This 
supports that the three nitrogens are part of N‑coumaroyl amide partial 
structures. Thus, tricoumaroylspermidine is a very reasonable candidate 
for 41. This compound has been described as a constituent of safflower 
and peanut flowers in the form of different geometric isomers.[28,29]

Compounds 7, 16, 20, 25, and 29 were identified as N‑phenyl propenoyl 
amides based on their accurate masses, isotope patterns, and product 
ion spectra, the latter ones being identical with reference spectra found 
in the METLIN database.[15] N‑phenyl propenoyl amides are wide‑spread 
herbal constituents.[30]

Steroidal saponins
Ten compounds  (27, 33, 34, 36, 39, 40, 50‑53) were detected with 
odd‑numbered [M+H]+ and [M+Na]+ ions and fragmentation patterns 
pointing toward a glycosidic moiety. Their accurate aglycone masses 
and the presence of at least low intensity fragment ions at m/z 115 
and– except for 39– at m/z 273 or 271 indicate that these compounds are 
spirostan analogs of the aforementioned steroidal alkaloids.
Six compounds (34, 40, and 50‑53) showed the diagnostic fragments of a 
fully saturated spirostan system at m/z 417, 273, 255, and 161 [Figure 5].[25] 
The same signals occur in the fragment ion spectra of its acetylated 
epimer neotigogenin,[15]  (MID 43696). The indistinguishable aglycones 
of 34, 40 and 50‑53 can be considered as tigogenin, which has been 
found in a hydrolyzed extract of S. villosum.[31]

Product ion spectra of 27, 33, and 36 showed a signal of the intact 
aglycone at m/z 415 and thus should include a double bond. The absence 
of m/z 161 in 33 and 36 suggest a Δ5,6 double bond, which is in accordance 
to the presence of prominent product ions at m/z 271 and 253.[25] The 
aglycone of 33 and 36 can thus be considered as diosgenin, which only 
differs from tigogenin by its double bond.[32] In contrast, m/z 161, 273, 

and 255 are product ions of 27 and allow for locating its double bond at 
Δ20, 21 but not in the F ring as the product ion at m/z 115 indicates a fully 
saturated F ring.
The aglycone of 39 shows an accurate mass at m/z 431 indicating a 
molecular formula with one more oxygen atom than 27, 33, and 36. 
Structural information for 39 could only be deduced from the product 
ions at m/z 115 and the absence of m/z 161. Thus, 39 should have a 
saturated F ring and a Δ5, 6 double bond, whereas no indication for 
the position of the additional oxygen atom was found. It seems likely 
that a modification in the A–D ring region prevented formation of the 
otherwise prominent product ions at m/z 273, 271, 255, 253, or any other 
comparable fragment.
The sugar chains of the ten steroidal saponins showed no overlap with 
the sugar chains of the aforementioned steroidal alkaloid glycosides 
[Table  2]. Low signal intensities or homogenous sugar composition 
prevented the analysis of the sugar chains of 36, 50, 52, and 53 beyond 
their composition.
The sugar chains of 33, 34, and 39, each constituted of four hexose 
and one pentose unit, were analyzed on the basis of product ion and 
neutral loss spectra of their respective protonated molecules and found 
indistinguishable. We propose a linear chain of four hexose units with 
the pentose unit attached to the second hexose  [Figure  5]. Thus, 34 
was tentatively identified as tigonin, which has been vaguely reported 
to occur in family Solanaceae; Cestrum diurnum[33] and a very similar 
compound in Capsicum annuum.[34] Compound 27 was– at least by its 
limited MS data  –  indistinguishable from 33; both compounds were 
tentatively identified as Δ5, 6‑dehydrotigonin.
Compound 40, consists of three hexose, one pentose and one 
deoxypentose unit. Its product ions suggest a twofold branched 
arrangement comparable to the neotigogenin glycoside tribulosin found 
in the Zygophyllaceae Tribulus cistoides.[35]

The neutral loss spectrum of protonated 51 shows the first significant 
signal at −456 µ, indicative for the loss of two hexose and one deoxyhexose 
unit. The corresponding signal at m/z 579 in the product ion spectrum 
represents the aglycone conjugated with a hexose unit. A  reasonable 
candidate for 51 is degalactotigonin, which has been reported to occur in 
different Solanum species.[36,37] The specific assignments of 33, 34, 36, 40, 
and 50–53 to particular compounds or their aglycones are based on the 
assumption that stereochemistry and linkage positions within the sugar 
chains are identical to previously described steroidal glycosides of related 
species and insofar inductive.

Figure  4: Product ion spectrum and of proposed structure of 41. Solid 
lines indicate successive dissociation of the ion and are to be read from 
left to right. The dashed line indicating formation of m/z 204 marks an 
independent dissociation

Figure 5: Product ion spectrum and of proposed structure of 34. Labeling 
according to Domon and Costello (1988), 2nd-generation product ions are 
supplemented by a neutral loss, for example Yα2−Bβ1, or marked by an 
asterisk when resulting from water loss of B1 or B2 product ions
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Other compounds
Any assignment of compounds belonging to other compounds are based 
on their accurate masses, isotope patterns, UV data, and either product 
ion spectra that were identical with reference spectra found in METLIN 
database[15] or mz Cloud (re3data.org 2017) or alternatively occurrence 
in genus Solanum as reported in KNApSAcK database.[14]

Acute oral toxicity study (median lethal dose)
No mortality was observed in the tested animals 24 h after oral administration 
of 5000 mg/kg SVE. The same result was obtained on repeating the test 
using three additional animals at the same dose. According to the Acute 
Toxic Class Method reported in OECD guidelines No. 423,[16] SVE is 
considered by Globally Harmonized System of Classification and Labeling 
of Chemicals to be unclassified with LD50 cutoff >5000 mg/kg.

Hepatotoxicity markers
Activities of liver enzymes, ALT, AST, and ALP, in sera were used as 
biochemical markers for hepatotoxicity. Challenging rats with CCl4 led to 
significant increase in serum AST, ALT, and ALP activities compared to 
the control group (A), as shown in Table 3. However, daily administration 
of SVE to rats  (Groups D and E) attenuated the hepatotoxic insult of 
CCl4 and significantly restored the levels of AST, ALT, and ALP to 
values comparable to those in the control group and better than those 
in Group B [Table 3 and Figure 6]. Similarly, administration of silymarin 
over  6  weeks  (Group C) significantly decreased serum AST, ALT and 
ALP activities by 3.4, 3.9 and 1.9 folds, respectively.

Oxidative stress markers
Administration of CCl4  (Group B) resulted in a significant decrease in 
liver SOD, CAT, and GR activities alongside with a significant increase in 
MDA content as compared to the control group [Table 4 and Figure 7]. 
Liver content of H2O2 was not significantly altered. Administration of 
SVE (Groups D and E) led to a significant protection against the depletion 
in SOD, CAT and GR activities as they exhibited almost normal values. 
Further, accumulation of lipid peroxidation products indicated by 
MDA by CCl4 challenge was significantly prevented and showed values 
comparable to those of the control animals. Recovery of all oxidative 
stress markers was also observed in Group C receiving silymarin.

Table 3: Effect of ethanolic extract of aerial parts of Solanum villosum Mill 
subsp. miniatum (Bernh. ex Willd.) on activities of the serum liver markers in 
carbon tetrachloride-induced liver fibrosis in rats

Group AST (U/L) ALT (U/L) ALP (U/L)
A: Control 82.6±12.5 51.40±7.16 51.8±4.12
B: CCl4‑treated 358±38.7a 318.6±7.26a 119.2±6.98a

C: CCl4 + silymarin‑treated 104±16.3b 81.83±13.16b 62.33±3.9b

D: CCl4 + SVE “100 mg/kg”‑treated 115±4.64b 99.33±21.31b 103±8.8b

E: CCl4 + SVE “250 mg/kg”‑treated 102±9.86b 69.33±3.96b 81±5.68b

The values are expressed as the mean±SE of 6 rats. aSignificantly different from the 
control group at P<0.05; bSignificantly different from CCl4‑treated group at P<0.05. 
CCl4: Carbon tetrachloride; SE: Standard error; AST: Aspartate transaminase; 
ALT: Alanine transaminase; ALP: Alkaline phosphatase; SVE: Ethanolic extract 
of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.)

Figure 6: Effect of ethanolic extract of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.) on the liver enzymes aspartate transaminase (a), 
alanine transaminase (b) and alkaline phosphatase (c) in carbon tetrachloride-induced liver fibrosis in rats. aSignificantly different from control at P < 0.05. 
bSignificantly different from carbon tetrachloride-treated group at P < 0.05
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Table 4: Effect of ethanolic extract of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.) on liver oxidative status in carbon 
tetrachloride - induced liver fibrosis in rats

Group SOD (pg/mg 
protein)

CAT (mU/
mg protein)

GR (ng/mg 
protein)

H2O2 (µmol/
mg protein)

MDA (µmol/
mg protein)

A: Control 12.45±0.35 22.02±0.63 3.71±0.11 3.96±0.08 7.99±0.77
B: CCl4 6.71±0.40a 15.16±1.4a 2.03±0.18a 4.19±0.39 11.03±0.61a

C: CCl4 + silymarin 12.46±0.53b 22.04±1.77b 3.71±0.17b 3.91±0.17 7.81±046b

D: CCl4 + SVE (100 mg/kg) 13.48±2.55b 22.25±1.08b 3.45±0.47b 4.14±0.18 7.75±0.19b

E: CCl4 + SVE (250 mg/kg) 13.27±0.89b 23.07±1.64b 4.16±0.26b 3.81±0.41 7.63±0.32b

The values are expressed as the mean±SE. aSignificantly different from normal group at P<0.05; bSignificantly different from CCl4‑treated group at P<0.05. CCl4: Carbon 
tetrachloride; SE: Standard error; SOD: Superoxide dismutase; CAT: Catalase; GR: Glutathione reductase; MDA: Malondialdehyde; SVE: Ethanolic extract of aerial 
parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.)

Figure 7: Effect of ethanolic extract of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.) on the oxidative stress markers: Superoxide 
dismutase (a), catalase (b) and glutathione reductase (c), H2O2 (d) and malondialdehyde (e) in carbon tetrachloride-induced liver fibrosis in rats. aSignificantly 
different from normal group at P < 0.05. bSignificantly different from carbon tetrachloride-treated group at P < 0.05
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Histopathological examination (hematoxylin and 
eosin stain)
The photomicrographs of H and E stained liver tissues of rats in control 
and experimental groups are depicted in Figure 8. Sections of liver tissues 
from animals in the control group showed normal histological structure 
of the central vein and surrounding hepatocytes in the parenchyma 
[Figure  8a]. Samples from the CCl4‑treated group [Figure  8b] showed 
significant thickening in the hepatic capsule and fibrosis associated 
with aggregation of multiple focal fat cells formation underneath the 
capsule, which was embedded in the parenchyma as a lipoma. Tissue 
samples from rats treated with silymarin  (Group C) or SVE (Groups 
D and E)  [Figure  8c‑e] exhibited mild fibrosis in the capsule with fat 
cells aggregation underneath hepatic parenchyma as compared to 
CCl4‑treated group [Figure 8b].

Antifibrotic activity
Histopathological examination (Masson’s Trichome stain) and 
hydroxyproline content
On treating liver fibrotic tissues with Masson’s Trichrome stain, bundles 
of collagen fibers accumulated around portal tracts and central veins 
are stained dark blue. In the current study, Masson’s Trichrome‑stained 
liver tissues of control rats  (Group A), silymarin, and SVE‑treated 
groups (Groups C, D, and E) did not show intense collagen fibers areas 
although these were visible in stained liver tissues of CCl4‑treated 
rats  (Group B)  [Figure  9a‑e]. Further, the antifibrotic activities of SV 
(at both doses) were confirmed by the observed inhibition of liver 
content of hydroxyproline as compared to CCl4 group [Figure 9f].

Assessment of expression of fibrosis-related genes
Administration of CCl4 increased the expression of collagen 1α and 
TIMP‑2 by approximately 822% and 700%, respectively, as compared to 
A (P < 0.05). However, the combined administration of CCl4 with SVE 
(at doses of 100 and 250 mg/kg) significantly ameliorated the rise in the 
expression of both genes highlighting the ability of SVE to interfere with the 
early cellular events leading to fibrosis [Table 5]. Further, mRNA expression 
of MMP2 was significantly inhibited by 75% CCl4 challenge  (Group B) 
[Figure  10]. This reduction was prevented by both silymarin and SVE 
treatment. The effect of CCl4 on the expression of TGF‑β1 was significantly 
elevated by 1028% as shown in Figure 10d. Interestingly, administration 
of silymarin (Group C) or SVE (at both dose levels 100 and 250 mg/kg, 
Groups D and E) led to significant reduction in TGF‑β1expression. The 
observed reduction (P < 0.05) amounted to 48.5% in the silymarin‑treated 
group (C) and 71.7 and 76.9% in D and E, respectively.

DISCUSSION
Although several specific therapies for patients with different liver 
diseases have been successfully developed, specific and effective 
antifibrotic therapy remains elusive.[38] Preclinical studies revealed that 
combination therapies that address liver fibrosis in a multipronged 

Figure  9: Representative photomicrographs of liver sections stained 
with Masson and Trichrome’ stain. Scan of Masson and Trichrome’ 
stained sections of control group  (a), carbon tetrachloride-treated 
group (b), carbon tetrachloride group treated with silymarin (c), carbon 
tetrachloride group treated with ethanolic extract of aerial parts of 
Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.) (100 mg/kg) (d), 
carbon tetrachloride group treated with ethanolic extract of aerial parts 
of Solanum villosum Mill subsp. miniatum  (Bernh. ex Willd.) (250 mg/kg) 
(e) and effect of ethanolic extract of aerial parts of Solanum villosum Mill 
subsp. miniatum  (Bernh. ex Willd.) on liver content of hydroxyproline 
(f ) in carbon tetrachloride-induced liver fibrosis in. aSignificantly 
different from control at P  <  0.05. bSignificantly different from carbon 
tetrachloride-treated group at P < 0.05
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Figure  8: Representative photomicrographs of liver sections stained 
with H  and  E. Scan of control group  (a), carbon tetrachloride-treated 
group (b), carbon tetrachloride group treated with silymarin (c), carbon 
tetrachloride group treated with ethanolic extract of aerial parts of 
Solanum villosum Mill subsp. miniatum  (Bernh. ex Willd.)  (100 mg/kg) 
(d) and carbon tetrachloride group treated with ethanolic extract of 
aerial parts of Solanum villosum Mill subsp. miniatum  (Bernh. ex Willd.) 
(250 mg/kg) (e)
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approach hold much promise for future treatment. Several therapies can 
target specifically fibrosis, soluble mediators, the ECM, and its receptors, 
and others target a more general component of the liver disease process 
such as oxidative stress.[39]

Lipid peroxidation and oxidative stress induce inflammation, cause 
hepatocytes necrosis, and promote the progression of liver fibrosis 
through the activation of various cytokines.[40‑42] Therefore, a rationale 
existed to explore the potential antioxidant activity of SVE and relate it 
to its the overall antifibrotic activity. CCl4 is one of the most hepatotoxins 
used to induce liver fibrosis in experimental rats and to investigate 
liver injury associated with oxidative stress and free radicals. In this 
study, rats treated with CCl4 developed significant hepatic damage and 
oxidative stress as evidenced by substantial increase in the activities of 
the liver enzymes (AST, ALT, and ALP) and decrease in the activities of 
antioxidant enzymes; CAT, SOD, and GR. These findings suggested loss 
of functional integrity of hepatocyte cell membrane.[43] Nevertheless, on 
treatment with SVE, the activities of these enzymes were significantly 

protected. Furthermore, the effect of SVE on lipid peroxidation was 
evidenced by its ability to prevent MDA accumulation in liver tissues.[44] 
Such observations highlight the role of the antioxidant potential of SVE 
in protecting against CCl4‑induced oxidative stress.
It was observed that CCl4 administration enhances gene expression 
of collagen 1α and the hydroxyproline content in hepatic tissues. 
This is consistent with previous data on CCl4 experimental liver 
fibrosis.[2] This eventually increases collagenous matrix deposition 
in liver and subsequently leads to liver fibrosis.[45,46] In the present 
study, administration of SVE at both doses as well as silymarin 
decreased the expression of collagen 1α and reduced the hepatic 
content of hydroxyproline. These observations gained support by our 
histopathological examination of the liver slices obtained from the 
different treatment groups.
Moreover, the impact of SVE on TGF‑β1 gene expression was assessed. 
It is well documented that TGF‑β1 is a potent fibrotic factor in hepatic 
tissues[47] and is known to regulate not only the deposition of the 

Figure 10: Effect of ethanolic extract of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.) on the mRNA expression of collagen 1α (a), 
MMP-2 (b), tissue inhibitor matrix metalloproteinase-2 (c) and transforming growth factor beta 1 (d) in carbon tetrachloride-induced liver fibrosis in rats. 
aSignificantly different from control at P < 0.05. bSignificantly different from carbon tetrachloride-treated group at P < 0.05
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Table 5: Effect of ethanolic extract of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.) on gene fibrosis markers in carbon 
tetrachloride-induced liver fibrosis in rats

Group Collagen Iα MMP‑2 TIMP‑2 TGF‑β1

A: Control 1.02±0.01 1.03±0.04 1.01±0.01 1.03±0.02
B: CCl4 9.41±0.83a 0.26±0.07a 8.08±0.88a 11.62±0.97a

C: CCl4 + silymarin 6.12±0.5a,b 0.59±0.05a,b 5.42±0.39a,b 5.98±0.79a,b

D: CCl4 + SVE (100 mg/kg) 4.5±0.44a,b 0.97±0.05b 4.6±0.91a,b 3.29±0.58a,b

E: CCl4 + SVE (250 mg/kg) 4.97±0.42a,b 0.92±0.06b 2.52±0.35a,b 2.68±0.36a,b

The values are expressed as the mean±SE of 6 rats. aSignificantly different from control group at P<0.05; bSignificantly different from CCl4‑treated group at P<0.05. 
CCl4: Carbon tetrachloride; MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor matrix metalloproteinase; SE: Standard error; TGF‑β: Transforming growth 
factor beta; SVE: Ethanolic extract of aerial parts of Solanum villosum Mill subsp. miniatum (Bernh. ex Willd.)
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ECM but also pathological fibrosis.[48] It is worth mentioning that two 
important proteins: metalloproteinases (MMPs) and the tissue inhibitors 
of matrix metalloproteinases  (TIMPs) regulate ECM degradation and 
are associated with liver fibrosis.[49] Previous data reported increase in 
the expression of TGF‑β1 mRNA in animals with liver fibrosis.[50,51] 
In the current study, an increase in TGF‑β1, TIMP‑2 expression, and 
hydroxyproline content as well as a decrease in MMP‑2 expression was 
observed in the liver tissues obtained from CCl4 treated group. However, 
coadministration with SVE (or silymarin) induced significant reduction 
in the expression of TGF‑β1and TIMP‑2. Accordingly, it is suggested that 
the ability of SVE to modulate the expression of MMP‑2 and TIMP‑2 is a 
crucial for understanding the observed antifibrotic activity.
Several members of genus Solanum were reported to exert 
hepatoprotective activity;[52] among these are Solanum alatum,[53] 
Solanum nigrum,[54] and Solanum melongena.[55] Fractions rich in 
steroidal saponins from both Solanum xanthocarpum and S. nigrum 
were found to exhibit potent hepatoprotective and antioxidant effects 
in paracetamol‑induced hepatotoxic rats.[56] Moreover, saponin‑rich 
fractions from other plants like Dioscorea nipponica[57] and 
Asparagus officinalis[58] demonstrated a significant hepatoprotective 
effect in mice; and diosgenin was reported to be efficient as liver 
antifibrotic.[59] In addition, several steroidal alkaloids previously 
isolated from Solanum species showed significant hepatoprotective 
activity against CCl4‑induced liver damage.[60] In fact, capsimine 
and isocapsicastrine, two steroidal alkaloids isolated from Solanum 
capsicastrum exhibited strong hepatoprotective effects.[61] Besides, 
the presence of a number of antioxidant phenolic and flavonoid 
compounds in SVE greatly correlate with its hepatoprotective and 
antifibrotic efficacy.[62‑65]

CONCLUSION
S. villosum aerial parts extract (SVE) was found to exhibit a significant 
protective activity against CCl4‑induced liver fibrosis in rats. This 
beneficial effect appeared partly mediated by its ability to reserve liver 
integrity, attenuate CCl4‑induced oxidative stress, modulate mRNA 
expression of gene‑related fibrosis, and ameliorate collagen deposition 
in liver tissues. Besides, the metabolic profile of the investigated extract 
indicated the presence of a mixture of bioactive components, especially 
steroidal saponins, steroidal glycoalkaloids, and polyphenols that 
possibly contribute synergistically to its antifibrotic effect.
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