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hepatoprotective potentiality of
marine-derived steroids as promising inhibitors of
liver fibrosis†
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It has been reported that organic extracts derived from soft corals belonging to the genus Sarcophyton have

exhibited a wide range of therapeutic characteristics. Based on biochemical and histological techniques, we

aimed to assess the hepatoprotective role of the organic extract and its principal steroidal contents derived

from the Red Sea soft coral Sarcophyton glaucum on acetaminophen-induced liver fibrosis in rats. Serum

liver function parameters (ALT, AST, ALP and total bilirubin) were quantified using a spectrophotometer, and

both alpha-fetoprotein (AFP) and carcinoembryonic antigen (CEA) levels were determined by using

enzyme-linked immunosorbent assay (ELISA) kits while transformed growth factor beta (TGF-b) and

tumor necrosis factor a (TNF-a) in liver tissue homogenate were determined using ELISA, and TGF-b and

TNF-a gene expression in liver tissue was determined using real-time PCR following extraction and

purification. Histopathological alterations in hepatic tissue were also examined under a microscope. In

order to prioritize the isolation and characterization of the most promising marine steroids from the

organic extract of the Red Sea soft coral Sarcophyton glaucum as hepatoprotective agents,

a computational approach was employed. This approach involved molecular docking (MDock) and

analysis of the structure–activity relationship (SAR) against glutathione-S-transferase (GST) and Cu–Zn

human superoxide dismutase (Cu–ZnSOD) enzymes. Although the major role in the detoxification of

foreign chemicals and toxic metabolites of GST and SOD enzymes is known, there is a lack of

knowledge about the mode of action of the hepatoprotective process and those of the targets involved.

The present study investigated the multiple interactions of a series of marine steroids with the GST and

SOD enzymes, in order to reveal insights into the process of hepatoprotection.
1. Introduction

The liver is essential for maintaining homeostasis and
a number of other biochemical and physiological processes,
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including the breakdown and elimination of substances
produced inside as well as those introduced from the outside
(such as medicines and other xenobiotics).1 Hepatotoxic
substances, such as medications, alcohol, and viral infections,
can induce liver damage.2 Acetaminophen, also known as N-
acetyl-para-aminophenol, paracetamol, and acetaminophen
(APAP), is a popular over-the-counter pain reliever and fever
reducer. While acetaminophen is oen well tolerated at thera-
peutic doses, it has been shown to cause serious liver damage in
both experimental animals and humans.3

Liver disease is worldwide problem that affects people all over
the world. Traditional liver disease treatments are sometimes
ineffective and can have serious repercussions. As a result, new
treatments to treat liver illnesses must be identied in order to
obtain an alternative pharmaceutical with questionable safety
and efficacy.4,5Hepatotoxicity is thought to be related to decreased
activity of antioxidant enzymes6,7 e.g., glutathione-S-transferase
(GST),6,8 human Cu–Zn superoxide dismutase (Cu–ZnSOD).9 This
decrease is believed to come as a result of the harmful effects of
free radicals produced aer exposure to foreign chemicals and
toxic metabolites such as ethanol. Kim et al. also reported a study
RSC Adv., 2023, 13, 27477–27490 | 27477
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in which GST activity in the liver was signicantly inhibited by
acetaminophen, but its inhibition was reversed by pretreatment
with silymarin in mice.10

In terms of liver inammation and brosis, biomarkers are
used to assess the severity of liver disease. Liver enzymes such as
ALT, AST, ALP and total bilirubin are important, as well as
transforming growth factor beta (TGF-b) and tumor necrosis
factor alpha (TNF-a) are two cytokines that are crucial to the
development of liver inammation and brosis. TNF-a is a pro-
inammatory cytokine which produced as response to infection
or injury by the immune cells. TNF-a may stimulate hepatic
stellate cells (HSCs) in the liver, which are responsible for creating
excess collagen and other extracellular matrix proteins that cause
brosis. TNF-a may also cause liver cell death, exacerbating liver
damage and inammation. TGF-b, on the other hand, is a multi-
functional cytokine with anti-inammatory and pro-brotic
properties. TGF-b may stimulate tissue repair in the early stages
of liver injury by promoting the formation of extracellular matrix
proteins and activating HSCs. However, in chronic liver injury,
persistent TGF-b activation can result in excessive collagen
deposition and brosis.11 Also, AFP (alpha-fetoprotein) and CEA
(carcinoembryonic antigen) are glycoproteins that are oen used
as tumor markers for different types of liver cancer, including
hepatocellular carcinoma (HCC).12 Additionally, liver biopsies can
be performed to directly assess the extent of liver brosis.

Marine organisms are distinguished by their ability to produce
unique and novel metabolites with higher structural diversity in
comparison with the terrestrial organisms, due to the extreme
marine environment, which resulted development of unique
physiological and metabolic capabilities.13–15 The higher struc-
tural diversity of the marine natural products (MNPs) allowed
them to be unique supplier of several metabolites with several
biological activities either in the pharmaceutical and or the
cosmetology industrial applications.16 The global marine phar-
maceutical clinical pipeline already comprises 17 small molecules
and peptides, which are drugs approved by the most representa-
tive approval agencies such as the US FDA, the European Medi-
cines Agency (EMEA), the Japanese Ministry of Health and the
Administration of Therapeutic Products of Australia.17 For exam-
ples, within these approved drugs, there are two nucleoside
derivatives (cytarabine (Ara-C)-anticancer 1969 and vidarabine
(Ara-A)-antiviral 1976), three omega-3 fatty acid derivatives (all of
them hypertriglyceridemia agents; omega-3-acid ethyl esters –

2004, eicosapentaenoic acid ethyl ester – 2012, and omega-3-
carboxylic acid – 2014), two peptide derivatives (ziconotide –

chronic pain 2004) and plitidepsin – anticancer 2018 (Australia),
one macrocyclic ketone derivative (eribulin mesylate – anticancer
2010), and two alkaloid derivatives (the two anticancer agents;
trabectedin – 2015 and lurbinectedin – 2020).17,18 MNPs are also
used in cosmetics, namely – Resilience – a skin cream made by
Estée Lauder, contains an anti-inammatory natural extract of the
Caribbean so coral Pseudopterogorgia elisabethae, that was
discovery by Prof. William Fenical.19 The anti-inammatory
activity was attributed to the presence of methopterosin,
a simple synthetic derivative of the natural sesquiterpenes pseu-
dopterosins, which have a variety of important pharmacological
properties e.g., arthritis, psoriasis, inammatory bowel disease.19
27478 | RSC Adv., 2023, 13, 27477–27490
Among the so corals, the genus of Sarcophyton (order:
Alcyonacea, family: Alcyoniidae), including approximately 36
accepted species is considered one of the richest sources of new
and unique natural products from the marine environment.20–22

Chemical examination of the several species of the genus Sar-
cophyton resulted in the identication of approximately 828
divers' marine natural products,22 including terpenes,23,24

steroids,25,26 quinones,27 and other classes of secondary metab-
olites.20 The species of glaucum, trocheliophorum and ehrenbergi
with 143, 119 and 75 different isolated metabolites represented
the most chemically investigated among the different identied
species of the genus Sarcophyton.21,22 The high diversity of the
secondary metabolites produced by the genus of Sarcophyton
resulted in displaying wide spectrum of intriguing pharmaco-
logical activities including anti-inammatory, cytotoxicity,
antimicrobial, anti-angiogenic, neuroprotective, immunomod-
ulatory, ichthyotoxic, antitumor and antifouling.13,20,24

As a part of our continuing research program to identify
pharmacologically active natural products,4,15,28–31 here, we
detail the isolation and structural elucidation of three steroid-
containing metabolites from the Red Sea so coral organic
extract Sarcophyton glaucum, which was collected from the reefs
of Hurghada, Egypt. Additionally, to provide valuable insights
into nding the most promising marine steroids obtained from
the Red Sea so coral S. glaucum organic extract as hep-
atoprotective agents for liver disorder, a computational
approach was employed, including molecular docking (MDock)
and analysis of structure–activity relationship (SAR) against
glutathione-S-tranferase (PDB ID 18GS) and Cu–Zn human
superoxide dismutase (PDB ID 2C9V). This computational
approach was employed to a focused chemical library of 26
steroidal derivatives, which were previously reported from so
corals and plants belonging to the genera Lobophytum,
Euphorbia, Sinularia, Sarcophyton, Plexaurella and Klyxum.
2. Materials and methods
2.1. General experimental procedures

Bruker DRX 400 (Bruker BioSpin GmbH, Rheinstetten, Ger-
many) spectrometers were used for NMR spectra recording.
Chemical shis are given on the d (ppm) scale with reference to
the solvent signals. Column chromatography separations were
performed with Kieselgel 60 (Merck, Darmstadt, Germany).
Kieselgel 60 F254 aluminium plates (Merck, Darmstadt, Ger-
many) have been used for TLC performance, and spots were
detected aer spraying with 25% H2SO4 in MeOH reagent and
heating at 100 °C for 1 min. HPLC separations were conducted
on a Waters 515 liquid chromatography pump equipped with
a RI-102 Shodex refractive index detector (ECOM spol. s r.o.,
Prague, Czech Republic), using a Kromasil 10-TBB-Chiral (10 ×

250 mm) column (Eka Chemicals AB, Bohus, Sweden).
2.2. Biological material

Specimens of S. glaucum were collected by SCUBA diving at
a depth of 8 m from the reefs of Hurghada, (GPS coordinates 33°
46′24′′E, 27°17′06′′N), Egypt in July 2015 where they were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Primer sequences of, TNF-a, TGF-b, and GAPDH

Target Sequence
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transported to the laboratory in ice bags, aerword they were
stored at −20 °C until analysed. A voucher specimen has been
deposited at the animal collection of NOIF in Hurghada.
TNF-a F, 5′-AACTCGAGTGACAAGCCCGTAG-3′R, 5′-
GTACCACCAGTTGGTTGTCTTTGA-3′

TGF-b F, 5′-TGCGCCTGCAGAGATTCAAG-3′R, 5′-AGGTAACGCCA
GGAATTGTTGCTA-3′

GAPDH F, 5′-ACCACAGTCCATGCCATCAC-3′R, 5′-TCCACCACCCTGTT
GCTGTA-3′
2.3. In vivo evaluation of the hepatoprotective ability of S.
glaucum extract

2.3.1. Experimental animals. Male Sprague-Dawley rats
(100–120 g), purchased from Animal House of the National
Research Centre. At the Animal House Lab., National Research
Centre, Dokki, Cairo, Egypt, animals were housed in a chamber
free of any chemical pollution, articially illuminated, and
thermally controlled. Aer a week of acclimation, the animals
were separated into ve groups of ten rats each and housed in
lter-top polycarbonate cages. All animals were treated
humanely in accordance with the Animal Care guidelines and
the animal study protocol was approved by the Ethics
Committee of National Research Center, Dokki, Cairo, Egypt,
approval number (11236072023).

2.3.2. Experimental study design (duration of experiment
= 20 weeks). Fiy male rats (4–6) weeks old, weighing 100–
120 g, were obtained from Animal House of the National
Research Centre. The rats were randomly divided into 5 exper-
imental groups each with ten rats. Group I (control group),
which received only distilled water, orally; group II (acetamin-
ophen group), in which liver brosis was induced (rats received
1 g acetaminophen per kg b.w. per day orally for 10 days)1; group
III healthy rats were given 20mg kg−1 b.w. of the so coral crude
extract, orally,32 group IV (treated group), rats with liver brosis
were treated with 20 mg kg−1 b.w. of so coral crude extract,
orally (2 months); and group V (group), rats with liver brosis
were treated with silymarin 200 mg per kg per day orally. At the
end of experimentation period, blood samples were collected
from all animals from retro-orbital venous plexus for
biochemical analysis.

2.3.3. Biochemical analysis. Alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels were
measured in accordance with the methods described by Reit-
man and Frankel,33 while alkaline phosphatase (ALP) was
measured using the protocol described by Beleld and Gold-
berg,34 bilirubin was determined according to the method
described by Wang et al.,35 using diagnostic kits obtained from
Roche Diagnostics Ltd (Germany).

Both alpha-fetoprotein (AFP) and carcinoembryonic antigen
(CEA) levels were determined in serum using ELISA kits (Avi-
Bion ELISA Kit; Orgenium Laboratories, Finland) for rats
according to Chandler et al.36 and Abeyounis et al.,37

respectively.
Liver glutathione S-transferases (GSTs) and superoxide dis-

mutase (SOD) were determined colorimetrically according
Habig et al.38 and Nishikimi et al.,39 respectively using
commercial kits from Biodiagnostics, Cairo-Egypt.

Each rat's liver tissue was used to extract RNA using a RNeasy
Mini kit (Qiagen). Reverse transcription was performed using
an RT kit (Promega). The transcription of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was studied by real-time
polymerase chain reaction (PCR) using the specic primers
© 2023 The Author(s). Published by the Royal Society of Chemistry
shown in Table 1. The levels of gene expression were measured
using a SYBR Green kit (Qiagen, Hilden, Germany).40 The data
was analysed using MxPro qPCR (Agilent Technologies). Avi-
Bion ELISA Kit (Orgenium Laboratories, Finland) was used to
detect TNF- and TGF- in rat liver homogenate using ELISA kits
developed in accordance with the methods described by Corti
et al.41 and Kim et al.42

2.3.4. Histopathological examination. For both routine
H&E staining and microscopic examination, 4 mm thickness
sections were cut from paraffin blocks containing tissue
samples that had been preserved in 10% neutral formalin.
Portal tract, hepatocyte, and inammatory cell response alter-
ations were assessed across the four groups,43 ten eld were
investigated from each liver tissue and evaluated for the degree
of liver damage. Each eld was investigated and assigned for
severity of changes [none (−), mild (+), moderate (++) and severe
(+++) damage].
2.4. Extraction and purication

250 g of the freeze-dried coral were exhaustively extracted with
mixtures of (1 : 1) CHCl3/MeOH, to afford 11 g green oily residue
aer solvent evaporation under vacuum. The obtained residue
was submitted to normal phase vacuum column chromatog-
raphy using mixtures of cHex/EtOAc and EtOAc/MeOH of
increasing polarity as eluent system to afford 14 fractions (A–N).
Fraction G (25–30% EtOAc in cHex, 600 mg) was further frac-
tionated by normal phase gravity column chromatography
using cHex/Ac, of increasing polarity as eluent, to yield 11
fractions (G1–G11). Fraction G3 (12% Me2CO in cHex, 68 mg)
was subjected to normal phase SEP-PAC using cHex/EtoAc of
increasing polarity as eluent, to afford 3 fractions (G3A–G3C).
Fraction G3A (20% EtOAc in cHex, 57.4 mg) was further frac-
tionated by normal phase SEP-PAC using mixtures of cHex/
CHCl3 with increasing polarity to afford six fractions (G3A1–
G3A6). Fractions G3A5 and G3A6 (80 and 100 CHCl3 in cHex,
27.9 and 20.0 mg, respectively) were pooled together and
submitted to gravity column chromatography on silica gel using
cHex/CHCl3 30 : 70 as the mobile phase, to yield 9 fractions
among which compound 3 was obtained in a pure form (2.5
mg). Fraction G3A5H was fractionated by chiral HPLC using
nHex/i-PrOH (97 : 3) as eluent, to afford ve fractions (G3A5H1–
G3A5H5). Fractions G3A5H-(2, 4 and 5), 1.0, 1.1 and 1.2 mg,
respectively) was further puried by chiral HPLC using nHex/i-
PrOH (97 : 3) as the mobile phase, to afford compounds 1 (1.1
mg) and 2 (0.9 mg).
RSC Adv., 2023, 13, 27477–27490 | 27479
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2.4.1. 24(S)-Methyl-cholest-5-en-3b-ol (1). 1H NMR (400
MHz, CDCl3), signals assignable to six methyls [dH 0.66 (3H, s),
0.75 (3H, d, J = 6.8 Hz), 0.77 (3H, d, J = 6.8 Hz), 0.83 (3H, d, J =
6.8 Hz), 0.90 (3H, d, J = 6.8 Hz), and 0.99 (3H, s)], one oxygen-
ated methine [dH 3.50 (1H, m)] and one olenic proton [dH 5.33
(1H, brd, J= 5.3 Hz)] were observed (Fig. S1†). ESI-MS:m/z= 400
[M]+, calcd for C28H48O, (Fig. S2†).

2.4.2. Gorgostan-5,25-dien-3b-ol (2). 1H NMR (400 MHz,
CDCl3), signals assignable to six methyls [dH 0.66 (3H, s), 0.88
(3H, s), 0.97 (3H, d, J = 6.0 Hz), 0.98 (3H, m), 0.99 (3H, s) and
1.81 (3H, s)], four aliphatic protons corresponding to the
cyclopropyl ring [dH −0.14 (1H, dd, J = 6.0, 4.5 Hz), 0.15 (1H, td,
J = 6.0, 8.8, 9.0 Hz), 0.22 (1H, td, J = 6.8, 6.8, 15.8 Hz), and 0.43
(1H, dd, J = 4.5, 9.0 Hz)], one oxygenated methine [dH 3.51 (1H,
m)], and three olenic protons [dH 4.64 (1H, s), 4.69 (1H, s) and
5.33 (1H, brd, J = 3.6 Hz)], were observed (Fig. S3†). ESI-MS: m/z
= 406 [M-H2O]

+, calcd for C30H48O, (Fig. S4†).
2.4.3. Gorgosterol (3). 1H NMR (400 MHz, CDCl3), signals

assignable to seven methyls [dH 0.64 (3H, s), 0.83 (3H, d, J = 6.8
Hz), 0.88 (3H, s), 0.92 (3H, d, J= 6.8 Hz), 0.93 (3H, d, J= 6.8 Hz),
0.98 (3H, m), and 0.99 (3H, s)], four aliphatic protons corre-
sponding to the cyclopropyl ring [dH −0.16 (1H, dd, J = 4.4, 5.8
Hz), 0.12–0.18 (1H, m), 0.22 (1H, td, J = 7.0, 7.0, 14.1 Hz), and
0.43 (1H, dd, J = 4.4, 9.0 Hz)], one oxygenated methine [dH 3.50
(1H, ddd, J = 4.6, 10.9, 15.9 Hz)], and one olenic proton [dH
5.33 (1H, brd, J = 5.0 Hz], were observed (Fig. S5†), ESI-MS: m/z
= 426 [M]+, calcd for C30H50O, (Fig. S6†).
2.5. Identication of steroid library

A focused library of 26 steroid derivatives (1–26) were previously
reported from so corals and plant, belonging to the genera
Lobophytum, Euphorbia, Sinularia, Sarcophyton, Plexaurella and
Klyxum (Fig. 2 which summarized in Scheme S1, ESI†).
2.6. Preparation of the screening library

Steroids compounds have been drawn based on the references
that discussed their isolation, which can be found in the ESI
data Scheme S1;† the silymarin chemical structure was extrac-
ted from the PubChem database in the MDL SDF format. The 26
steroids and positive control compound, silymarin (a known
amino-transferase inhibitor), had their 3D structures optimized
with the Gaussian 09 program,44 utilizing the hybrid approach
B3LYP and the base set 6-31G(d,p).45,46 We utilized OpenBabel
(2.3.1)47 to transform the mol2 les into PDBQT format. All
Table 2 Levels of liver function parameters in the various examined gro

Groups Control Acetaminophen So co

ALT (IU L−1) 24.14 � 0.56 75.05 � 1.08a 24.95
AST (IU L−1) 37.30 � 1.34 95.39 � 0.91a 34.25
ALP (IU L−1) 116.49 � 1.31 219.48 � 0.68a 112.89
Total bilirubin (mg dl−1) 0.71 � 0.01 1.16 � 0.01a 0.70

a The mean± standard error (SE) is used to express the values. The numbe
was considered statistically signicant. a, b, c signicant at p < 0.05 in com
so coral group, respectively.

27480 | RSC Adv., 2023, 13, 27477–27490
steroids and the positive control (silymarin) were treated fully
exible in terms of torsional degrees of freedom.
2.7. Preparation of the protein structures and molecular
docking (MDock)

Docking was performed with AutoDock Vina (version 1.1) using
PDBQT les for the glutathione-S-transferase (GST) enzyme (PDB
ID: 18GS) and the Cu–Zn human superoxide dismutase (Cu–
ZnSOD) enzyme (PDB ID: 2C9V).48 In the AutoDock Vina program,
the protein molecules were kept rigid, and the ligands were
treated as exible molecules with the number of active rotatable
bonds ranging from 0 to 32. AutoDock Vina uses a gradient
optimization method in its local optimization procedure using
the Broyden–Fletcher–Goldfarb–Shanno (BFGS) method, which is
an efficient quasi-Newton method. AutoDock Vina has imple-
mented a hybrid scoring function (empirical plus knowledge-
based function) inspired by the X-Score function, mainly
differing in the terms and in the parametrization method. Water
molecules, ions and ligands were removed from 18GS and 2C9V
prior to docking using the AutoDockTools (http://
mgltools.scripps.edu/). The search boxes were set to cover the
electrophilic residues (Tyr7-Trp38-Gly205) and the A and F inter-
face side chain residues (Val7-Asn53-Val148) for GST and SOD
enzymes, respectively, with size 40× 40× 40 Å3 centred at (7.861,
6.722, 26.194) Å and (16.570,−15.508, 16.942) Å, respectively. The
enzymes GST and SOD have their ligands tethered to them by
adjusting the parameters of a genetic algorithm (GA) over the
course of 10 iterations. PyMOL v2.0 Schrödinger, LLC, UCSF
Chimera,49 and LigPlot+ v2.2.5 (ref. 50) were used to depict the
docking binding postures.
2.8. In silico prediction of physicochemical properties,
pharmacokinetic and toxicity proles

The pharmacokinetic properties of the most promising marine
steroids (12, 14, 17 and 24) and the positive control (silymarin)
were calculated using the SWISS-absorption, distribution,
metabolism and excretion (ADME) platform (https://
www.swissadme.ch/, accessed on 14 August 2023).51
3. Results and discussion
3.1. In vivo evaluation of the hepatoprotective ability of S.
glaucum extract

Liver brosis is regarded as a major health condition due to the
liver's prominent involvement as an organ in several
upsa

ral Acetaminophen + so coral Acetaminophen + silymarin

� 0.84b 30.66 � 0.60a,b 46.77 � 0.88a,b,c

� 0.81b 39.31 � 0.89b 60.42 � 1.03a,b,c

� 0.98b 117.94 � 1.44b 153.92 � 1.18a,b,c

� 0.01b 0.75 � 0.01b 0.86 � 0.01a,b,c

r n, denotes the number of rats (10 rats), in each group. Value of p < 0.05
parison to the control group, acetaminophen group; acetaminophen +

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://mgltools.scripps.edu/
http://mgltools.scripps.edu/
https://www.swissadme.ch/
https://www.swissadme.ch/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04843h


Table 3 Levels of tumor markers (AFP and CEA) parameters in the various examined groupsa

Groups Control Acetaminophen So coral Acetaminophen + so coral Acetaminophen + silymarin

AFP (IU ml−1) 0.36 � 0.01 1.56 � 0.01a 0.33 � 0.01b 0.39 � 0.01b 0.70 � 0.01a,b,c

CEA (mg ml−1) 0.28 � 0.01 1.13 � 0.01a 0.27 � 0.01b 0.33 � 0.01a,b 0.66 � 0.01a,b,c

a The mean ± standard error (SE) is used to express the values. The number n denotes the number of rats (10 rats) in each group. Value of p < 0.05
was considered statistically signicant. a, b, c signicant at p < 0.05 in comparison to the control group, acetaminophen group; acetaminophen +
so coral group, respectively.
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physiological processes such as metabolism and detoxication
of a variety of medications and xenobiotics. Fibrosis is caused
by an insufficient tissue repair process that occurs aer chronic
liver injuries such as alcohol-induced damage, chronic viral
hepatitis B or C, parasite and metabolic illnesses. If brosis is
not medicated, it can develop to cirrhosis, which can lead to
hepatic failure and potentially liver cancer. Despite the severity
of the condition, there are currently few therapy options for liver
brosis.52

Table 2 demonstrated that as compared to the control group,
both the acetaminophen group and the treatment group (acet-
aminophen + silymarin) had a substantial rise in liver enzymes
(ALT, AST, and ALP) and total bilirubin, but no difference in so
coral extract group and treated group (acetaminophen + so
coral) when compared to control group. However, as compared
to the acetaminophen group, the treated groups (acetamino-
phen + so coral) and (acetaminophen + silymarin) exhibited
considerable improvement aer therapy. Our data demon-
strated that the group treated with so coral extract restored
liver enzymes to normal levels better than the group treated
with silymarin. The increased activity of liver enzymes (ALT and
AST) and bilirubin was caused by hepatocyte membrane
damage and leakage of cytosol enzymes such as ALT, AST, and
total bilirubin into the bloodstream.

The levels of these enzymes are indicators of liver damage
and are used to evaluate acetaminophen-induced liver
damage.53 Consistent with our ndings, an increased blood
level of ALP is indicative of hepatobiliary and hepatocellular
damage. Faulty liver discharges or enhanced ALP synthesis in
hepatic parenchymal or duct cells may be the cause of the
elevated ALP levels.54 Our ndings are corroborated those of
Zidan et al.55 and Kim et al.10 discovered that silymarin groups
resulted in a signicant improvement when compared to acet-
aminophen groups. This is due to silymarin's ability to scavenge
the active free radical, allowing it to limit lipid peroxide
generation and protect hepatocytes from injury. In comparison
with the acetaminophen group, the treated group with so coral
extract demonstrated signicant drop of the liver enzyme (ALT,
Table 4 Levels of antioxidant enzyme (GSTs and SOD) parameters in th

Groups Control Acetaminophen So cor

GSTs (U per g tissue) 514.54 � 11.56 275.05 � 8.05a 511.75 �
SOD (U per g tissue) 439.25 � 9.34 244.32 � 11.91a 437.25 �
a The mean ± standard error (SE) is used to express the values. The numb
was considered statistically signicant. a, b, c signicant at p < 0.05 in com
So coral group, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
AST, ALP) and total bilirubin and a return to normal levels of
liver enzymes and total bilirubin, as shown in Table 2. This
might be explained that the so coral extract helps to maintain
the structural integrity of the hepatocellular membrane making
it less permeable to enzymes and so preventing their release
into the bloodstream. Our ndings support the widely held
belief that transaminase levels revert to normal with hepatic
parenchymal repair and hepatocyte regeneration.1 In addition,
Abdel-Wahhab et al.32 agree that so coral extract had a better
effect because of the signicant reduction in serum ALP levels
that it induced in hepatotoxic rats.

Table 3 showed signicant increase in tumor markers (AFP
and CEA) in both acetaminophen and treated groups (acet-
aminophen + silymarin) in contrast to the control group while
there was non-signicant change in the so coral extract group
and treated group (acetaminophen + so coral) when compared
to control group. However, as compared to the acetaminophen
group, the treated groups (acetaminophen + so coral) and
(acetaminophen + silymarin) exhibited considerable improve-
ment aer therapy. These results indicated that the so coral
extract has a powerful anti-cancer effect more potent than sily-
marin as positive control.

Liver brosis is a chronic liver disease characterized by the
accumulation of excess extracellular matrix in the liver. Both
AFP and CEA are glycoproteins that are oen used as tumor
markers for different types of liver cancer, including hepato-
cellular carcinoma (HCC). While AFP levels can be elevated in
cases of HCC, which is a potential complication of liver brosis,
AFP levels are not typically elevated in cases of liver brosis
itself. Similarly, while CEA levels may be increased in some
cases of liver brosis in rats, it is not a reliable marker for the
disease and cannot be used as a diagnostic tool.12 Several prior
research have reported the anti-cancer activity of so corals
against several forms of cancer, including breast, lung, colon,
and liver cancer.20

Because of its different modes of action in liver cancer, the
group treated with silymarin following development of liver
brosis demonstrated improvement in AFP and CEA when
e various examined groupsa

al Acetaminophen + so coral Acetaminophen + silymarin

9.93b 488.16 � 15.60b 410.67 � 13.48a,b,c

8.81b 405.88 � 9.89b 320.59 � 11.73a,b,c

er n denotes the number of rats in each group (10 rats). Value of p < 0.05
parison to the control group, acetaminophen group; acetaminophen +

RSC Adv., 2023, 13, 27477–27490 | 27481
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Table 5 Levels of TNF-a and TGF-b parameters and gene expression in the various groups testeda

Groups Control Acetaminophen So coral Acetaminophen + so coral Acetaminophen + silymarin

TNF-a ng g−1 131.60 � 1.18 535.03 � 3.08a 129.91 � 0.91b 137.64 � 1.63b 250.60 � 0.84a,b,c

TGF-b ng g−1 228.66 � 0.97 950.23 � 2.24a 220.19 � 1.72a,b 230.35 � 0.96b 317.41 � 1.36a,b,c

TNF-a relative 1.08 � 0.07 9.01 � 0.13a 0.88 � 0.06b 1.33 � 0.05b 2.80 � 0.13a,b,c

TGF-b relative 1.08 � 0.07 6.83 � 0.12a 0.92 � 0.06b 0.94 � 0.06b 1.91 � 0.08a,b,c

a The mean ± standard error (SE) is used to express the values. The number n denotes the number of rats (10 rats), in each group. Value of p < 0.05
was considered statistically signicant. a, b, c signicant at p < 0.05 in comparison to the control group, acetaminophen group; acetaminophen +
so coral group, respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

11
:3

3:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compared to the acetaminophen group. It has been shown to
slow the growth of liver cancer cells by causing cell cycle arrest
and death. Indeed, silymarin has been demonstrated to have
anti-inammatory effects, which may help lessen the chance of
developing liver cancer. Furthermore, silymarin possesses
antioxidant capabilities that may help protect liver cells from
damage caused by free radicals and other hazardous
substances. Also, silymarin has showed promise as a supple-
mentary treatment for liver cancer.56 However, in this study, the
group treated with the so coral aer induction of liver brosis
Fig. 1 (A) A photomicrograph of rat liver of control group. (B) A photomic
rat liver of soft coral group. (D) A photomicrograph of rat liver of aceta
acetaminophen and silymarin group.

27482 | RSC Adv., 2023, 13, 27477–27490
showed amazing results, coming back to near-normal levels.
This may be because of the bioactive substances found in so
corals, such as terpenoids, steroids, alkaloids, and polyketides,
which have been linked to the corals' anti-cancer action. These
naturally occurring organic chemicals have been found to have
anti-cancer cytotoxic, apoptotic, and anti-angiogenic properties.
While these studies show promising results, further research is
needed to fully understand the potential anti-cancer activity of
the so corals extract.
rograph of rat liver of acetaminophen group. (C) A photomicrograph of
minophen and soft coral group. (E) A photomicrograph of rat liver of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Semi-quantitative recording of architectural damage on histopathological analysis of the liver of control and treateda

Groups Control Acetaminophen So coral Acetaminophen + so coral Acetaminophen + silymarin

Hepatic necrosis — +++ — + +
Inammatory inltration — +++ — — —
Congestion and dilatation of sinusoids — +++ — — —
Pyknotic nuclei — +++ — + +
Proliferation of Kupffer cells — +++ — + +

a Histological grading was made according to four severity grades: − (none); + (mild); ++ (moderate) and +++ (severe).
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Liver brosis in rats is associated with oxidative stress and
the detoxication pathways involving glutathione S-transferases
(GSTs) and superoxide dismutase (SOD) enzymes. GSTs are
a group of enzymes that help eliminate toxins from the body,
including reactive oxygen species (ROS) and various xenobi-
otics. They catalyze the conjugation of glutathione, a potent
antioxidant, to electrophilic compounds, facilitating their
elimination from the body by increasing their solubility in
water. In liver brosis, GSTs can be upregulated as a protective
response to oxidative stress and the increased production of
ROS. The enhanced activity of GSTs helps in the removal of toxic
metabolites, thereby reducing the burden of oxidative damage
and preventing further injury to liver cells.57

Superoxide dismutase enzymes are a family of antioxidant
enzymes that catalyze the conversion of superoxide radicals
(O2

−) into less harmful hydrogen peroxide (H2O2). They are
essential for cellular redox homeostasis and defense against
oxidative damage. In liver brosis, oxidative stress is a hallmark
feature resulting from too much reactive oxygen species (ROS)
production and not enough antioxidant defense systems, SOD
enzymes, including copper–zinc SOD (CuZnSOD) and manga-
nese SOD (MnSOD), are involved in neutralizing superoxide
radicals and preventing their harmful effects. However, the
activity of SOD enzymes can be inuenced by the severity and
progression of liver brosis. Initially, SOD activity may increase
as a compensatory response to counteract the elevated ROS
production. However, in advanced stages of brosis, the anti-
oxidant defense system may become overwhelmed, leading to
decreased SOD activity and further oxidative damage.58

Table 4 showed signicant decline in antioxidant enzyme
(SOD and GST) in both acetaminophen and treated groups
(acetaminophen + silymarin) when compared to control group
while there was non-signicant change in so coral extract
group and treated group (acetaminophen + so coral) in
comparison to the control group. However, in comparison to
acetaminophen group, the treated groups (acetaminophen +
so coral) and (acetaminophen + silymarin) exhibited consid-
erable improvement aer therapy. These results indicated that
so coral extract has a powerful antioxidant effect more potent
than silymarin drug.

From our results we found that the expression of GSTs and
SOD in liver brosis can have protective effect. Because they can
promote the detoxication of pro-brogenic agents, such as
oxidative stress-inducing compounds, and thereby protect liver
cells from injury.
© 2023 The Author(s). Published by the Royal Society of Chemistry
As in Table 5, result of this research found a growth signif-
icantly in TGF-b and TNF-a in both acetaminophen and the
treatment group (acetaminophen + silymarin) as compared to
the control group, indicating that it may cause liver inamma-
tion in rats. Through the comparison with the control group,
there was no observable difference in the so coral extract
group or the treated group (acetaminophen + so coral).
However, when compared to the acetaminophen group, the
treated groups (acetaminophen + so coral) and (acetamino-
phen + silymarin) demonstrated signicant improvement aer
therapy due to the hepatoprotective effect of the so coral
extract and silymarin against liver inammation caused
a decrease in TGF-b and TNF-a liver content.

Transformed growth factor beta and TNF-a both play vital
roles in the development and progression of liver inammation
and brosis. TNF-a is a pro-inammatory cytokine which is
produced due to Kupffer cells activation, hepatic stellate cells,
and inltrating immune cells. TNF-a promotes liver brosis by
inducing the activation of hepatic stellate cells, which are the
main effector cells in liver brosis. TGF-b is a multifunctional
cytokine that also plays a role in the development and
progression of liver inammation and brosis. TGF-b is
produced by many cell types, including hepatic stellate cells,
Kupffer cells, and inltrating immune cells. TGF-b promotes
liver brosis by inducing the activation of hepatic stellate cells
and stimulating extracellular matrix production. TGF-b can also
promote the differentiation of broblasts into myobroblasts,
which are cells that are involved in extracellular matrix
production.59

As demonstrated in Table 5, TGF-b and TNF-a gene expres-
sion was considerably higher in the acetaminophen and treat-
ment groups (acetaminophen + silymarin) than in the control
group. No signicant difference was observed in the so coral
extract group or the treated group (acetaminophen + so coral),
in comparison with the control group; However, as compared to
the acetaminophen group, the treated groups (acetaminophen +
so coral extract) and (acetaminophen + silymarin) improved
signicantly aer therapy. These ndings showed that acet-
aminophen induction could cause liver injury and that so
coral extract and silymarin treatment reduced TGF-b and TNF-
a expression. Silymarin has been reported to inhibit the
production of TNF-a in a variety of cells, including liver and
immune cells, by blocking the activation of the NF-kB signaling
pathway. Also, silymarin has been shown to inhibit the activity
of TGF-b in various types of cancer cells by blocking its signaling
RSC Adv., 2023, 13, 27477–27490 | 27483
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pathway. By modulating the activity of these cytokines, Sily-
marin may help reduce inammation and inhibit cancer
progression.56

The so coral organic extract has been found to have anti-
inammatory and anti-brotic effects. The therapeutic effect
of so corals was due to contain bioactive compounds that can
modulate the activity of various signaling pathways involved in
inammation and brosis, including the TGF-b and TNF-
Fig. 2 Tested steroid derivatives 1–26.

27484 | RSC Adv., 2023, 13, 27477–27490
a pathways. The anti-TNF-a activity of so coral compounds is
thought to be mediated by the inhibition of NF-kB, a transcrip-
tion factor that plays a key role in the production of pro-
inammatory cytokines such as TNF-a. The anti-TGF-b activity
of so coral compounds is thought to be mediated by the
inhibition of Smad signaling, a downstream pathway activated
by TGF-b that promotes brosis and deposition of extracellular
matrix.60

The histopathological ndings from this research (Fig. 1 and
Table 6), revealed that the control group's liver slices revealed
typical hepatic architecture, with hepatocytes distributed in
cords radiating from the central veins and spherical vesicular
nuclei with blood sinusoids (Fig. 1A). Histological examination
of acetaminophen-treated liver tissues revealed severe degen-
erative alterations, necrosis, mononuclear cell inltration,
interstitial haemorrhage with pyknotic nuclei, light dilated
blood sinusoids, and minor activation of Kupffer cells (Fig. 1B).
Liver tissues of the group treated with the so corals only, had
almost normal structure and modest activation of Kupffer cells
(Fig. 1C). The examination sections in the acetaminophen-
treated and so coral groups were basically normal, with
moderate degenerative changes with pyknotic nuclei and mild
Kupffer cells (Fig. 1D). Liver tissues of acetaminophen and
silymarin group showed more or less usual degenerative alter-
ations with pyknotic nuclei andmoderate Kupffer cells (Fig. 1E).
Histopathological ndings corroborated the biochemical
conclusions.

3.2. Identication of the isolated metabolites

S. glaucum organic extract, collected from the reef of Hurghada
in Egypt was submitted to a series of chromatographic puri-
cations to yield 3 known metabolites (1–3) (Fig. 2). Compounds
1–3 were identied by comparison of their spectroscopic and
physical characteristics i.e., 1H-NMR data and their ESI-MS
spectra (Fig. S1–S6†), with those reported in the literature as
24(S)-methyl-cholest-5-en-3b-ol (1),61 gorgostan-5,25-dien-3b-ol
(2)62 and gorgosterol (3),61 previously isolated from the so
corals Lobophytum crassum and Lobophytum lobophytum,
respectively.

3.3. Molecular docking (MDock) and binding energies
studies

The binding mechanism of a focused library of 26 steroid
derivatives (1–26), (Fig. 2) along with a positive control, sily-
marin, against GST and SOD for hepatoprotective activity was
determine through the performance of a molecular docking
experiment. The steroid dataset comprises: 21 derivatives with
core I (1–9, 11–18, 22, 24–26), 4 derivatives with core II (10, 19–
21), and only one derivative with core III (23) (Fig. 1 and Scheme
S1†). The outcomes of molecular docking with the AutoDock
Vina program on GST and SOD targets were displayed in Table
S1 of the ESI data.† Fig. 3 displays the optimal docked poses for
silymarin (the positive control), were shown on GST and SOD
enzymes for hepatoprotective activity.

It is known that GST play a pivotal role in the detoxication of
foreign chemicals and toxic metabolites.6,8 Fig. 3A shows a clear
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interaction profiles of the best-docked poses for the silymarin on (A) GST and (B) SOD enzymes.
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interaction between the electrophilic residues, Tyr7-Pro9-Val35-
Trp38-Gly205, of the GST enzyme with silymarin in a very
similar position to that found for the sulfasalazine, a known
inhibitor of GST.6,8 The 3-(4′-hydroxyphenyl), 3-(3′-methox-
yphenyl), and 2-hydroxymethyl substitutes in the 1,4-benzo-
dioxine moiety of silymarin apparently participate in the
interaction of the hydrogen-bond with the carboxylate oxygen
atom of Leu52, with the 4-hydoxylphenyl side chain of Tyr7 and
with the indole side chain of Trp38, respectively (Fig. 3A).

On the other hand, the 3-hydroxyl substitute in the 2,3-
dihydro-4H-chromon-4-one moiety of silymarin is within
hydrogen bonding distance of Gly205, Fig. 3A. Also, the hydro-
phobic interactions of the benzene ring in the 1,4-benzodioxine
and 2,3-dihydro-4H-chromon-4-one fused systems of silymarin
with the Phe8-Val35 and Pro9 residues of the GST enzyme,
respectively are very relevant (Fig. 3A).

SOD is a homodimer that converts toxic oxygen radicals to
less harmful species.63,64 The catalytic pocket is dened by Cu
ion and residues of His63 and Arg143,63 Fig. 3B. The dimeriza-
tion of SOD1 is essential to the stability of the protein.63 Fig. 3B
shows a clear interaction between the residues, Val7-Asn53-
Val148, of the A and F interface sidechain in SOD with sily-
marin. The 3,5,7-trihydroxyl substitutes in the 2,3-dihydro-4H-
chromon-4-one moiety of silymarin apparently interact in
hydrogen-bonding interactions with the carboxylate oxygen
atom of Asn53 (A), with the amine nitrogen atom of Val148 (F)
and with the carboxylate oxygen atom of Val148(A) – with amide
nitrogen atom of Val7(A), respectively (Fig. 3B).
© 2023 The Author(s). Published by the Royal Society of Chemistry
In addition to these interface side chain interactions, the 2-
hydroxymethyl substituent in the 1,4-benzodioxin moiety of
silymarin participates in hydrogen bonding interactions with
both the carboxylate oxygen atom of Gly10 (A) and the carbox-
ylate side chain of Asp11 (A), Fig. 3B. The hydrophobic inter-
actions of the 4′-hydroxy-3′-methoxyphenyl in the 1,4-
benzodioxin moiety of silymarin with residues Lis9 (F), Thr54
(A), Gly56 (A), and Ala55 (A) of the SOD enzyme appear to be very
relevant as well (Fig. 3B).

To detect the most favourable binding interactions, a selec-
tion of three steroid derivatives that were recovered experi-
mentally in the current work, and six steroid derivatives were
done for each target as well as the positive control (silymarin)
through a virtual screening using a exible molecular docking.
The calculated free binding energies by the set of search space
coordinates are reported in Table 7.

As shown in Table 7 and Fig. 2, all the steroid derivatives
selected to be the most promising GST and SODmodulators are
from core I (12–14, 16, 17, 24). Double bond presence in the B
ring of the tetracyclic system of the steroidal nucleus seems to
potentiate the activity against the GST and SOD enzymes.
Likewise, all the seven steroid derivatives selected against the
GST and SOD enzymes present a cyclopropane ring in the side
chain, Scheme S1† and Table 7.

3.3.1. GST enzyme. Steroid derivatives 12, 13, 14, 17, and 24
have computed DGB values of −8.9, −9.1, −9.3, and
−9.1 kcal mol−1, making them the most promising derivatives
(Fig. 2 and Table 7) and (Table S1 of the ESI data†). It's also
RSC Adv., 2023, 13, 27477–27490 | 27485
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Table 7 Calculated free binding energies (DGB, i n kcal mol−1) and the detailed interactions established upon docking the three steroid
derivatives recovered and six selected steroid derivatives and silymarin (the positive control), against each target, GST and SOD

Steroid
derivatives

DGB, in kcal mol−1 H-Bond residues Hydrophobic interaction residues

GST SOD GST SOD GST SOD

1a −7.7 −7.8 — — Tyr7, Phe8, Val10, Arg13,
Val35, Gln51, Leu52, Ile104,
Tyr108, Gly205, Asp98d

Leu106, Ser107, Gly108e,
Asp109e, Cys111e, Ile113e,
Arg115, Ile151f

2a −8.4 −8.2 — — Tyr7, Phe8, Pro9, Val10, Arg13,
Val35, Gln51, Leu52, Ile104,
Tyr108, Gly205

Gly49, Gly108, Asp109,
Cys111f, Ile113f, Arg115, Ile151

3a −8.4 −8.8 — — Tyr7, Phe8, Val10, Arg13,
Val35, Gln51, Leu52, Ile104,
Tyr108, Gly205, Asp98d

Leu106f, Ser107, Gly108f,
Asp109e, Cys111e, Ile113e,
Arg115, Ile151f

12b −8.9 −9.1 Arg13 — Tyr7, Phe8, Pro9, Val10, Val35,
Gln51, Ile104, Tyr108, Gly205

Ser107f, Gly108f, Asp109,
Ile113f, Arg115, Ile151

13b −9.1 −9.0 Try108 — Tyr7, Phe8, Pro9, Val10, Arg13,
Val35, Gln51, Ile104, Gly205

Asp109, Ile113e, Arg115,
Ile151e

14b −9.3 −9.4 Arg13 Gly108f Tyr7, Phe8, Pro9, Val10, Val35,
Gln51, Ile104, Tyr108, Gly205

Ser107f, Asp109, Ile113e,
Arg115, Ile151f

16b −8.4 −9.0 — Gly108f Tyr7, Phe8, Pro9, Val10, Arg13,
Val3, Val35, Thr34, Ile104,
Tyr108, Gly205

Ser107, Gly108, Asp109,
Ile113f, Arg115, Ile151

17b −9.3 −8.7 Arg13, Try108 Cys111f Tyr7, Phe8, Pro9, Val10, Val35,
Gln51, Ile104, Gly205

Ser107, Gly108, Asp109,
Arg115, Ile151e

24b −9.1 −9.1 — — Tyr7, Phe8, Pro9, Val10, Arg13,
Val35, Ile104, Tyr108, Gly205

Ser107f, Asp109, Ile113f,
Arg115, Ile151

Silymarinc −8.5 −8.6 Tyr7, Trp38,
Leu52,
Gly205

Val7, Gly10,
Asp11,
Asn53, Val14e

Phe8, Pro9, Arg13, Val36,
Tyr108

Lys9e, Thr54, Gly56, Ala55

a The steroid derivatives recovered experimentally in current work. b The steroid derivatives selected (highlighted in bold) have a calculated DGB #
−8.9 kcal mol−1 and −9.0 kcal mol−1 for GST and SOD, respectively. c Positive control. d Chain B of the GST. e Chains A and F of the SOD. f Chain F
of the SOD.
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important to note that the hepatoprotective drug and positive
control (silymarin) has a calculated DGB value of −8.5 kcal-
mol−1. However, the steroid derivatives 5, 7, and 9 with the
highest calculated DGB were the least promising of the bunch
(Fig. 2 and Table S1 of the ESI data†). These compounds had
DGB values of −7.0, −7.5, and −7.2 kcal mol−1, respectively.
Interestingly, all the steroid derivatives proposed as more
promising have a cyclopropane ring in the side chain and, on
the other hand, none of the steroid derivatives predicted to be
less active have this moiety. Fig. 4 shows the ideal docked poses
interaction patterns for the steroid derivative 14, 17 and 24 with
GST.

As veried with the positive control, silymarin (Fig. 3A), in
the case of the three steroid derivatives selected as the most
promising hepatoprotective agents (14, 17 and 24) there is
a clear interaction between these and the electrophilic residues,
Tyr7-Pro9-Val35-Gly205, from the GST enzyme as shown in
Fig. 4 and Table 7.

3.3.2. SOD enzyme. Fig. 2, Table 7 and (Table S1 of the ESI
data†) show that the steroid derivatives 12, 13, 14, 16, and 24
with DGB values of −9.1, −9.0, −9.4, and −9.1 kcal mol−1 are
the most promising derivatives, as determined using the GST.
The calculated DGB value of−8.6 kcal mol−1 against SOD for the
positive control (silymarin) clearly shows the interaction with
27486 | RSC Adv., 2023, 13, 27477–27490
SOD according to its hepatoprotective prole. The steroid
derivatives 1, 5, 8, 19, and 20 (Fig. 2 and Table S1 of the ESI
data†), had the greatest calculated DGB, indicating they were the
least promising derivatives, with values of−7.8,−7.9, −7.8, and
−7.9 kcal mol−1, respectively. In the same way as it was veried
with the GST, also with SOD it is veried that all steroid deriv-
atives selected as being the most promising against SOD have
a cyclopropane ring in the side chain, contrary to what happens
with some of the less promising derivatives that do not have 1, 5
and 8, Fig. 2. Double bond presence in the B ring of the tetra-
cyclic steroidal system appears to potentiate activity against
SOD, as evidenced by the most promising steroid derivatives
being from core I and two less promising derivatives (19 and 20)
being from core II (Scheme S1†). In Fig. 5, the best-docked poses
interaction proles of the steroid derivative 12, 14 and 24 with
SOD were represented.

It is veried that the three selected steroid derivatives (12, 14
and 24) interact with SOD in a different binding site than that
obtained for the positive control, silymarin, as show in Fig. 5
and 3B, respectively. However, they all bind at the A and F
interface sidechain in SOD. For all the steroid derivatives there
is a clear interaction with the residues Gly108-Ile113-Ile151 of
the A and F interface sidechain in SOD (Table 7 and Fig. 5)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Interaction profiles of the best-docked poses for the (A) klyflaccisteroids G (14), (B) klyflaccisteroids I (17), and (C) glaucasterol (24).
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rather than the residues that interact with the positive control,
silymarin, Val7-Asn53-Val148 (Fig. 3B).
3.4. In silico prediction of pharmacokinetics, toxicity and
druglikeness (ADME/Tox)

In order to assess our compounds' pharmacokinetics, Swis-
sADME (http://www.swissadme.ch/), an online free tool, was
used to evaluate the compounds' properties. It was found that
the most promise steroids (12, 14, 17, and 24) had only 1
Lipinski rule violation each, while the positive control
(silymarin) also had one Veber's rule violation (Table 8).

None of the steroids or the positive control were predicted to
have PAINS alert. The Abbot bioavailability Score predicts the
probability of a compound to have at least 10% oral bioavail-
ability in rat or measurable Caco-2 permeability, all four ster-
oides and the positive control were predicted with a score of
55% which is quite acceptable. The parameters lipophilicity,
water solubility, gastrointestinal absorption (GI), skin
© 2023 The Author(s). Published by the Royal Society of Chemistry
permeability, and P-glycoprotein (P-gp) substrate and cyto-
chrome P450 (CYP) inhibitors were used to predict the
absorption level of the four selected steroids and the positive
control (silymarin). As it is known that lipid-soluble drugs are
less well absorbed than those that are water-soluble, acceptable
parameters are achieved for log S not higher than 6 and lip-
ophilicity between −0.7 and 5. All four steroid derivatives are
predicted to have adequate water solubility characteristics but
high lipophilicity (>5). It was suggested that P-gp and CYP have
a relevant role in the protection of tissues and organisms, thus
the interaction with these targets is seen in a positive way. Thus,
the steroids (14 and 17) are predicted to be P-gp substrates and
the steroid (24) and the positive control (silymarin) are pre-
dicted to inhibit at least one CYP type. The more negative the
log Kp, the less skin permeant is the molecule, therefore the
least skin permeant predicted is the positive control (silymarin)
and the most skin permeant predicted is the steroid (24). Only
the steroids (14 and 17) had expected high GI absorption, and
RSC Adv., 2023, 13, 27477–27490 | 27487
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Fig. 5 The best-docked poses interaction profiles of (A) 11a-hydroxygorgosterol (12), (B) klyflaccisteroids G (14), and (C) glaucasterol (24).

Table 8 ADME/Tox profiling of four selected marine steroids and the
positive control (silymarin)

ADME/Tox 12 14 17 24 Silymarin

Lipinski #violationsa 1 1 1 1 0
Veber #violationsa 0 0 0 0 1
Bioavailability scorea 0.55 0.55 0.55 0.55 0.55
PAINS #alertsb 0 0 0 0 0
log Po/w (XLOGP3)c 7.59 6.48 5.42 7.26 1.90
log S (ESOL)d −7.10 −6.50 −5.93 −6.59 −4.14
GI absorptione Low High High Low Low
BBB permeante No No No No No
P-gp substratee No No Yes No No
CYP inhibitorse No No No Yes Yes
log Kp (skin permeation)e −3.61 −4.50 −5.35 −3.48 −7.89

a Drug likeness. b Medicinal chemistry. c Lipophilicity. d Water
solubility. e Pharmacokinetics.

27488 | RSC Adv., 2023, 13, 27477–27490
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no blood–brain barrier penetration (related to distribution
properties) was predicted for any of four steroids and the
positive control.
4. Conclusions

Drug and xenobiotic metabolism occur mostly in the liver and is
profoundly affected by medicine and xenobiotic-mediated
toxicity. Underreporting, difficulties in detection or diagnosis,
and inadequate surveillance of exposure make it difficult to
accurately assess the prevalence of drug-induced hepatotoxicity.
Acetaminophen is one of the most commonly drug-induced
liver failure in many countries when used at high doses. In
© 2023 The Author(s). Published by the Royal Society of Chemistry
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summary, so coral extracts have been shown to modulate the
activity of TNF-a and TGF-b by inhibiting their expression and
downstream signaling pathways. These anti-inammatory and
anti-brotic properties make so corals potential sources of
novel therapeutics for the treatment of inammatory and
brotic diseases, including liver brosis. These activities seem
to be related to the modulation of GST and SOD enzymes by
marine steroids isolated from so coral extracts. A molecular
docking study of 26 steroid derivatives revealed two promising
steroid modulators (14 and 24) according to their prominent
ligand-protein energy scores and relevant binding affinities
with the GST and SOD pocket residues. The presence of
a double bond in the B ring of the tetracyclic steroid system and
the cyclopropane ring in the side chain seem to be key structural
elements to potentiate the hepatoprotective activity.
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