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1. Introduction
FHF, renowned as acute liver failure, is a deadly clinical 
syndrome that is featured by massive hepatocellular death 
without underlying preexisting hepatic disease. The patho-

genic events that underlie FHF are complex and multi-
factorial. Clinically, this condition is accompanied by a 
tremendous increase in serum transaminases, jaundice, 
coagulopathy, and multisystem organ failure that require 

Abstract: Cheilocostus speciosus (Syn: Costus speciosus) (Crepe or spiral ginger) is one of the species of the family Costaceae that is 
widely used in various traditional medicines for treating various ailments. Mokko lactone (ML) belongs to the guaianolide family of 
sesquiterpenes, which has been separated from C. speciosus. It showed noticeable antiinflammation and antioxidative capacities. The 
current study explored the ML hepatoprotective potential against FHF (fulminant hepatic failure) in mice. FHF was successfully estab-
lished using intraperitoneal injection of ᴅ-galactosamine (ᴅ-GalN, 700 mg/kg)/lipopolysaccharide (LPS, 10 µg/kg) in male Swiss-albino 
mice. The mice were pretreated with ML (20 or 40 mg/kg, orally) daily for five days before ᴅ-GalN/LPS challenge. Eight hours after D-
GalN/LPS injection, serum and hepatic tissue were harvested for different biochemical, histologic grading, immunohistochemical, and 
ELISA analyses. The results have shown that d-GalN/LPS-induced massive hepatic damage that was evident through the tremendous 
increase in serum biochemical parameters: transaminases, γ-GT, and ALP, as well as deteriorated histopathological architecture of the 
liver. d-GalN/LPS created a state of oxidative damage in the hepatocytes as there was a significant rise in MDA level concurrently with 
depressed antioxidants as GSH (reduced glutathione), SOD (superoxide dismutase) activity, and TAC (total antioxidant capacity). Ad-
ditionally, d-GalN/LPS activated NF-κB (nuclear factor kappa-B), resulting in an increase in the production of TNF-α, IL-6, and IL-1β. 
Interestingly, all these changes were amended by ML pretreatment, indicating the potent hepatoprotective, antioxidant, and antiinflam-
matory efficacy of ML against d-GalN/LPS-induced FHF. These effects could be mediated through inhibition of NF-κB/downstream 
cytokine signaling. Hence, ML is suggested as new candidate for the treatment of FHF. 
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emergent liver transplantation in most patients, which is 
the only effective treatment till now (Gong et al., 2010; Tao 
et al., 2019). Thus, searching for other effective treatments 
to increase the survival rate of FHF has become a challenge 
for researchers. 

A combination of ᴅ-GalN and LPS has been utilized to 
establish a practical experimental model of FHF in mice 
that mimics human acute hepatic failure in the clinic. This 
model is widely used to explore the potential pathogenesis 
and therapeutic treatments of FHF. LPS binds to TLR-4 
(toll-like-receptor-4) causing the activation and trans-
location of NF-κB (nuclear- factor kappa-B) followed by 
inflammatory cytokines’ production as TNF-α (tumor-ne-
crosis factor-alpha) and ILs (interleukins) which enlarge 
the inflammatory response (Xia et al., 2014; Li et al., 2021). 
Cotreatment with ᴅ-GalN is mandatory to augment the 
LPS lethal effect by >1000-fold causing FHF within hours. 
ᴅ-GalN enhances the uridine triphosphate depletion 
within the hepatocytes due to the UDP-ᴅ-GalN derivative 
formation, resulting in stopping the synthesis of macro-
molecules such as glycogen, protein, and RNA in the liver 
(Dong et al., 2017; Tao et al., 2019). This state exacerbates 
the generation of reactive oxygen species (ROS) and even-
tually hepatocytes apoptosis (Lyu et al., 2019; Mohamadi-
Zarch et al., 2021). 

Traditional medicine is acknowledged as the prefera-
ble primary healthcare tool in many regions (Akbar, 2020; 
Süntar, 2020). It is estimated that more than 87.5% of the 
world’s population and nearly 80% of developing countries 
rely directly on herbal medicine for treating various health 
complaints (Kumar et al., 2021; WHO, 2022). Attribution 
of plants to humankind is extended beyond just being 
sources of shelter and food, but they are also serving as a 
repository of remedies towards several diseases (Eddouks 
et al., 2012; Ibrahim et al., 2022). Recently, it has been dis-
covered that many plants’ metabolites possess consider-
able interesting bioactivities; therefore, these metabolites 
with less toxicity and hazardous influences could have the 
capacity to replace the synthetic agents and be utilized in 
food and pharmaceutical industries (Ibrahim et al., 2021; 
Nobahar et al., 2021; Abdallah et al., 2022). Natural me-
tabolites have gained substantial attentiveness against liver 
injury because of their diversified bioactivities. A number 
of studies have demonstrated the hepatoprotection capac-
ity of several phytoconstituents of various classes versus 
on d-GalN/LPS produced FHF (Xia et al., 2014; Wang et 
al., 2017; Wang et al., 2018; Wen et al., 2018; Yang et al., 
2020). These phytochemicals have shown the ability to 
modulate oxidative stress, NF-κB pathway, and inflam-
matory and apoptotic mediators. Cheilocostus speciosus (J. 
Koenig) C.D.Specht (Syn: C. speciosus) is a member of the 
family Costaceae that is widely used in various traditional 
medicines for treating various ailments: pharyngitis, lep-

rosy, constipation,  tonsillitis, pleurisy, rheumatism, flatu-
lence, headache, pneumonia, jaundice, and fever, as well 
as snake venom antidote (El-Far et al., 2018; Maji et al., 
2020). It is also called an insulin plant due to its antidia-
betic potential (Maji et al., 2020). Its rhizomes are astrin-
gent, bitter, expectorant, aphrodisiac, anthelmintic, and 
tonic; additionally, they demonstrated antioxidant, antiin-
flammatory, anthelmintic, hepatoprotective, anticholines-
terase, anticancer, antidiabetic, estrogenic, antihyperlipid-
emic, adaptogenic, antispasmodic, insecticidal, antistress, 
and  diuretic properties (Al-Attas et al., 2015; AlSaadi et 
al., 2018; Maji et al., 2020; Sirwi et al., 2021; Sirwi et al., 
2022). C. speciosus is a wealthy pool of various metabolites, 
including steroids, sesquiterpene lactones, alkaloids, gly-
cosides, phenolics, tannins, flavonoids, and saponins (Al-
Attas et al., 2015; Maji et al., 2020). Mokko lactone (ML) 
is one of the guaianolide sesquiterpenes reported from 
C. speciosus (Al-Attas et al., 2015). Earlier studies dem-
onstrated the potent antioxidative and antiinflammatory 
capacities of ML against doxorubicin-induced cardio- and 
hepatotoxicity (Sirwi et al., 2021, 2022). The present study 
aimed at exploring the potential protection of ML against 
d-GalN /LPS-induced FHF in mice and investigating its 
antioxidative and antiinflammatory potentials. 

2. Materials and methods
2.1. General procedures
DECA-LCQ spectrometer and AVANCE600-BRUKER 
were employed for measuring ESIMS and NMR spectra, 
respectively. Chromatography and TLC analyses were 
carried out on SiO260/RP-18 and TLC SiO260-F254 plates, 
respectively. Visualization of the compound was done 
utilizing UV (λmax 366 and 255 nm) examination and 
H2SO4/p-anisaldehyde reagent spraying.
2.2. Plant material
Plant rhizomes were procured from Saudi local market, 
Jeddah. The staff members of the Department of Natural 
Products and Alternative Medicine, Faculty of Pharmacy, 
King Abdulaziz University Jeddah, Saudi Arabia con-
firmed the plant’s authenticity. A voucher specimen was 
deposited in the herbarium of the Department under the 
registration number CS-2-2020 (Sirwi et al., 2022; Sirwi et 
al., 2021).
2.3. Extraction and isolation of ML
Ten kilograms of dried rhizomes were milled and extracted 
with CHCl3 (6 × 25 L). The obtained extract was concen-
trated under vacuum using a rotary evaporator (Heidolph, 
Schwabach, Germany). The concentrated extract (brown 
residue, 560 g) was suspended in distilled H2O (250 mL) 
and partitioned among n-hexane and CHCl3. The concen-
tration of each fraction afforded n-hexane (CSHex, 126.0 
g) and CHCl3 (CSCH, 345.0 g) fractions. Repeated SiO2 
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(0.04–0.063 mm) CC of CSHex fraction (n-hexane/EtOAc, 
95/5-75/25) gave ML that that was further purified using 
RP-18 (0.04–0.063 mm) column (H2O:MeOH gradient) 
and specified by Co-TLC (precoated TLC plates with SiO2 
60 F254 (0.2 mm) with an authentic sample from our labo-
ratory, besides comparing its spectral data with the pub-
lished data (Al-Attas et al., 2015).
2.4. Chemicals
LPS and d-GalN (E. coli serotype-O111-B4) from Sigma-
Aldrich (St. Louis/MO/USA) were dissolved in normal 
saline. The biochemical kits (e.g., ALP (alkaline-phos-
phatase), ALT (alanine-amino-transferase), AST (aspar-
tate-amino-transferase), and γ-GT (gamma glutamyl 
transferase)) were purchased from Human-Gesllschaft 
fur Diagnostica und Biochemica (Wiesbaden/Germany). 
Colorimetric kits were purchased for malondialdehyde 
(MDA, ab233471 Abcam/Cambridge/UK), reduced glu-
tathione (GSH, 354102,100T Calbiochem/MERCK Milli-
pore/Darmstadt/Germany), superoxide dismutase (SOD, 
ab65354 Abcam/Cambridge/UK), and total antioxidant 
capacity (TAC, MAK187.1KT, Sigma-Aldrich/St. Louis/
MO/USA). Mouse ELISA kits for NF-κB (CSB-E12108m), 
IL-6 (CSB-E-04639m), TNF-α (CSB-E-04741m), and 
IL-1β (CSB-E-08054m) were from Cusabio Biotech CO. 
(Shanghai/China).
2.5. Animals
Adult male Swiss albino mice that weighed 23–27 g were 
selected and held in standardized circumstances of hu-
midity/temperature/light and dark cycle. The mice had ad 
libitum access to water and diet. The study protocol and all 
procedures were approved by the Batterjee Medical Col-
lege Research Ethical Committee (no. RES-2021-0044), 
which were in the Laboratory Animal Care Principles 
(NIH 1985).
2.6. Experimental groups and treatments
To induce FHF, d-GalN (i.p. 700 mg/kg) and LPS (i.p. 10 
µg/kg) were injected to mice as previously described (El-
Agamy, 2018; Li A et al., 2021). The mice were randomly 
assigned into 4 experimental groups (n = 8 for each) as 
follows; Control group where mice were administered 
only normal saline; LPS/ d-GalN-untreated control where 
mice were injected with d-GalN and LPS; ML20 + LPS/d-
GalN and ML40 + LPS/ᴅ-GalN where mice were treated 
with ML (20 and 40 mg/kg, respectively) for 5 days before 
LPS/d-GalN challenge.

Eight hours after LPS/d-GalN challenge, the mice were 
anesthetized using ketamine and then liver and blood 
samples were gathered. Afterward, the mice were hu-
manely sacrificed. The serum was obtained by centrifug-
ing blood samples at 4000 × g at 4 °C for 15 min which was 
maintained at –80 °C till further analysis. Liver samples 
were washed with ice-cold saline. Small pieces of the liver 
(0.5 g) were homogenized using PBS (phosphate-buffered 

saline) and then centrifuged at 9000 × g for 15 min. The su-
pernatant was collected and retained at –80 °C till analysis. 
An additional liver sample was excised and fixed in a 
neutral-buffered formalin solution (10%) for histopatho-
logic and immunohistochemical (IHC) investigation.
2.7. Estimation of parameters of hepatic damage
Serum ALT, AST, γ-GT, and ALP were estimated in serum 
samples as described in the kit’s instructions.
2.8. Histopathological analysis of hepatic tissue
Paraffin blocks of liver tissue were sectioned (≈5μm) and 
stained with H&E (hematoxylin/eosin). Hepatic sections 
were blindly investigated using a light microscope in ran-
dom order. As previously described, hepatic inflamma-
tory lesions were graded using five semiquantitative scales 
(4: severe; 3: moderate; 2: slight; 1: very slight; and 0: no 
change) (El-Agamy et al., 2018).
2.9. Estimation of oxidative stress marker
MDA assay depends on generating a colored product by 
reaction with thiobarbituric acid, which can be estimated 
at 532 nm colorimetrically.
2.10. Estimation of antioxidants
GSH and SOD were estimated utilizing the detection kit’s 
provided protocol. In brief, a piece of the hepatic tissue 
was washed in NaCl (0.9%) solution, blotted dry, weighed, 
minced in ice-cold MPA solution, and then centrifuged 
(10 min/3000 × g/4 °C). The supernatants were gathered 
and retained at 4 °C for the assay. For GSH, a reaction was 
permitted among 4-chloro-1-methyl-7-trifluromethyl-
quinoliniummethylsulfate and all mercaptans (RSH) that 
existed in the supernatants, followed by β-elimination re-
action under alkaline condition (30% NaOH), resulting in 
a chromophoric thione formation with absorbance maxi-
ma at 400 nm. For SOD, the samples were mixed with both 
enzyme working solution and WST-1 and incubated for 20 
min at 37 °C to form a formazan dye which was assessed 
by absorbance increase at 450 nm. The more SOD activity 
in the sample, the less formazan dye is produced. For TAC, 
the samples were mixed with Cu2+ working solution and 
incubated for 90 min at 25 °C, and then the absorbance 
was measured at 570 nm.
2.11. IHC analysis
The paraffin sections of the liver were dewaxed and pro-
cessed as previously described (El-Agamy et al., 2018). The 
sections were IHC-stained using the primary antibodies: 
rabbit polyclonal antibody against NF-kB p65 (1:200, Fish-
er Scientific Inc., Waltham, MA, USA) and TNF-α (1:100, 
Fisher Scientific Inc. Waltham, MA, USA). Diaminobenzi-
dine (DAB) was used for visualization. 
2.12. Estimation of NF-κB and cytokines
Hepatic NF-κB, TNF-α, IL-6, and IL-1β levels were deter-
mined in the hepatic tissue as claimed by kit manufactur-
er’s protocols.

https://www.wordhippo.com/what-is/another-word-for/as_claimed_by.html
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2.13. Statistical analysis
The presented data are the means ± SE for 8 mice per 
group. Experimental groups were statistically compared 
utilizing ANOVA (one-way-analysis of variance) and 
Tukey’s Kramer multiple comparison test. Analysis of his-
topathological grading was accomplished by the nonpara-
metric Kruskal–Wallis test and Dunn’s test. p < 0.05 was 
assigned as significant.

3. Results 
3.1. Identification of ML
ML was separated from the dried rhizomes CHCl3 extract 
using SiO2 and RP-18 CC (column chromatography) and 
characterized by various spectral tools (1H and 13C NMR 
and ESIMS) as formerly stated (Al-Attas et al., 2015; Sirwi 
et al., 2021, 2022) (Figure 1). 
The obtained NMR data of ML are in agreement with the 
previously reported data (Sirwi et al., 2021) (Table ). 
3.2. ML attenuates serum and pathological indices of FHF
As presented in Figure 2, ᴅ-GalN/LPS challenge induced 
a notable rising in serum transaminases (ALT and AST), 
γ-GT, and ALP levels comparing to the control group 
indicating damage of the hepatocytes. ML pretreatment 
remarkably diminished the rise in the abovementioned 
serum markers of hepatic damage comparing with the 
LPS/ᴅ-GalN group.

The pathological investigation of the hepatic tis-
sue showed the deterioration of the hepatic architecture 
in the LPS/ᴅ-GalN group in comparison to the control 

group normal histology (Figure 3). The liver of ᴅ-GalN/
LPS-treated mice exhibited inflammatory changes, focal 
necrosis, and apoptosis. In contrast, ML-pretreated ani-
mals showed significant alleviation of LPS/ᴅ-GalN-caused 
hepatic lesions that was most noticeable in the ML40 + 
LPS/ᴅ-GalN group.
3.3. ML suppressed ᴅ-GalN/LPS-caused hepatic oxidative 
stress and enhanced hepatic antioxidants 
LPS/ᴅ-GalN injection markedly increased (p < 0.001) the 
hepatic oxidative stress marker MDA contaminant with 
significant depression of GSH content, SOD activity, and 
TAC content (p < 0.001) comparing to the control group. 
ML pretreatment efficiently suppressed MDA levels and 
elevated the levels of GSH, SOD, and TAC compared to 
the LPS/ᴅ-GalN group (Figure 4).
3.4. ML ameliorated NF-κB/downstream cytokine 
signaling
As presented in Figure 5, ᴅ-GalN/LPS administration 
resulted in activation of NF-κB as it increased its pro-
tein immunoexpression and its level in the hepatic tissue 
compared to the normal mice. Furthermore, ᴅ-GalN/LPS 
increased the levels of TNF-α, IL-6, and IL-1β as well as 
the immunoexpression of TNF-α compared to the control 
mice (Figure 6). On the contrary, ML pretreatment sig-
nificantly hindered the activation of NF-κB as there was 
a significant amelioration in its immunoexpression and 
its level in hepatic tissue compared to ᴅ-GalN/LPS group. 
Moreover, the immunoexpression of TNF-α was signifi-
cantly lowered as well as the levels of the inflammatory 
cytokines compared to the ᴅ-GalN/LPS group.

 

1 
 

  

           Figure 1. Chemical structure of mokko lactone.
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4. Discussion
LPS/ᴅ-GalN-induced FHF is a well-established experi-
mental model of severe hepatic damage that is commonly 
utilized for exploring and investigating the hepatoprotec-
tive potential of new therapeutics. The use of the potent 
inflammagen, LPS, in combination with ᴅ-GalN as a pro-
motor of LPS toxic effects, leads to fulminant hepatitis 
within a few hours that leads to rapid death. LPS is a ma-
jor constituent of the gram-negative bacteria outer mem-
brane. When injected, it causes inflammatory reaction 
and overproduction of proinflammatory cytokines, which 
leads to massive organ damage and failure. ᴅ-GalN is an 
amino sugar, which is metabolized in the liver and depletes 
hepatic uridine triphosphate and when administered with 
a subtoxic dose of LPS, mice develop acute hepatic failure 
(Ma et al., 2015). 

C. speciosus is among the commonly used medicinal 
plants, which was reported to exert hepatoprotective ca-
pacity. It was found that its rhizomes’ EtOH and MeOH 
extracts demonstrated marked hepatoprotection on CCl4- 
and paracetamol-caused liver injury in rats (AlSaadi et al., 
2018; Verma and Khosa, 2009).

ML is a promising phytochemical of C. speciosus; how-
ever, not much is known about its therapeutic potential. 

ML was reported to have cytotoxic potential versus 
HL‐60 cells and induced cell apoptosis through mito-

chondrial membrane potential collapse with subsequent 
caspase‐3 activation (Yun et al., 2004). Choi et al. purified 
ML from Ainsliaea acefifolia Sch. Bip. roots that revealed 
in vitro cytotoxic potential versus SK-OV-3, A549, SK-
MEL-2, XF498, and HCT15 (ED50 ranged from 1.05–2.72 
μg/mL) (Choi et al., 2006). ML possessed notable PTP1B 
(protein-tyrosine phosphatase-1B) inhibition capacity 
(IC50 1.41 μg/mL) compared to ursolic acid (IC50 0.7 μg/
mL) and RK-682 (IC50 1.2 μg/mL), suggesting its potential 
for treating obesity and diabetes (Choi et al., 2008). Al-
Attas et al. stated the antiinflammation capacity of ML as 
it reduced (IL-6 and -1β, and TNF-α levels with lowering 
COX-2 and LOX-5 with subsequent decline of PGE2 pro-
duction (Al-Attas et al., 2015). Sirwi et al. examined ML 
protective potential versus DOX (doxorubicin)-induced 
cardio- and hepatotoxic effects. The findings demonstrat-
ed its marked protective potential on DOX-caused cardiac 
injury through its antiinflammation, antioxidant, and anti-
apoptotic effectiveness, whereas it prevented DOX-caused 
liver damage via FOXO1/ Sirt-1/NF-κB axis regulation 
(Sirwi et al., 2021; Sirwi et al., 2022).

The present results revealed, for the first time, the 
potential hepatoprotective activity of ML against LPS/ᴅ-
GalN-induced FHF which may be linked to its potent an-
tiinflammation and antioxidative activities.

Table . NMR data of ML (600 and 150 MHz, CDCl3).

No. δH (mult., J (Hz) δC (mult.)
1 2.88 m 47.1 CH

2 1.92 m
1.83 m 30.2 CH2

3 2.54 m 32.5 CH2

4 - 151.2 C
5 2.81 m 52.0 CH
6 3.92 t (10.0) 85.3 CH
7 1.97 m 49.9 CH
8 2.54 m 32.5 CH2

9 2.48 m
2.11 m 37.7 CH2

10 - 151.2 C
11 2.21 m 42.1 CH
12 - 178.7 C
13 1.23 d (6.6) 13.2 CH3

14 4.88 brs
4.78 brs 111.9 CH2

15 5.20 d (2.4)
5.05 d (2.4) 107.8 CH2

ESIMS m/z: 233 [M+H]+.



ALTYAR et al. / Turk J Bot

261

Figure 2. ML attenuated ᴅ-GalN/LPS-induced increase in serum indices of fulminant hepatic failure.
A. ALT: Alanine aminotransferase; B. AST: Aspartate aminotransferase; C. γ-GT: gamma glutamyl transfer-
ase; D. ALP: Alkaline phosphatase; Data are mean ± SE, n = 8. * P<p < 0.05, ** P<p < 0.01, *** P<p < 0.001 as 
compared to the control group, #P<p < 0.05, ##P<p < 0.01, ###P<p < 0.001 compared to ᴅ-GalN/LPS group 
(One-way ANOVA).

 

2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. ML attenuated ᴅ-GalN/LPS-induced hepatic lesions.
Histopathological captions of hepatic tissue of control mice showing normal architecture, GalN/LPS showing severe inflammation and 
necrotic areas, ML + GalN/LPS mice showing a significant degree of improvement in hepatic lesions. HE, magnification 100× &200×. 
F. Inflammatory scores of the hepatic specimen. Data are mean ± SE, n = 8. 
* p < 0.05, ** p < 0.01, *** p < 0.001 as compared to the control group, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to ᴅ-GalN/
LPS group (Kruskal–Wallis test).
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As presented in the results, ᴅ-GalN/LPS injection 
caused severe hepatocyte death evident by the signifi-
cant elevation of the cytosolic enzymes i.e. transaminases, 
γ-GT, and ALP in serum. The biochemical results were 
supported by the hepatic histopathological examination 
which showed deleterious focal necrosis, severe portal 
inflammation, and apoptosis after ᴅ-GalN/LPS challenge. 
These data are in the same line as the previous studies 
that reported the deleterious hepatic damage following 
ᴅ-GalN/LPS challenge (Liao et al., 2021; El-Agamy et al., 
2018; 2014). Pretreatment with ML showed potent hepa-
toprotective effect that was evident in the significant me-
lioration of hepatotoxicity serum indices concurrent with 
an improvement of the histopathological hepatic lesions 
indicating its ability to maintain the integrity of the hepatic 
tissue as a phytochemical; not much is known about its ef-
fects on the molecular pathways of cellular lesions. Hence, 
its effect on LPS/ᴅ-GalN -produced oxidative stress and in-

flammatory response in the hepatic tissue was investigated.
ᴅ-GalN/LPS injection result in a deleterious state of 

oxidative stress in hepatic tissue due to ROS overproduc-
tion which directly depletes GSH, and other antioxidants 
stores and causes injurious lipid peroxidation (Dong et al., 
2017; Fu et al., 2018; Gao et al., 2019; Wen et al., 2018). 
In line with the previous studies, our data confirmed the 
increase in lipid peroxidative marker MDA and the sup-
pression of hepatic antioxidants as GSH, SOD, and TAC 
after LPS/ᴅ-GalN injection. Notably, ML pretreatment 
decreased MDA content and boosted the liver antioxidant 
capacity through significant elevation of GSH, SOD, and 
TAC in the hepatic tissue. These results are in line with 
those of the recent study by Sirwi et al. which stated the 
ability of ML to alleviate the oxidative burden during 
doxorubicin-induced hepatotoxicity (Sirwi et al., 2021). 
Thus, the antioxidative ability of ML may participate in its 
hepatoprotective potential.

Figure 4. ML suppressed ᴅ-GalN/LPS-induced hepatic oxidative stress and enhanced hepatic antioxidants. 
A. MDA: Malondialdehyde; B. GSH; Reduced glutathione; C. SOD: Superoxide dismutase; D. TAC: Total antioxi-
dant capacity. Data are expressed as means ± SE, n=8;* p < 0.05, *** p < 0.001 compared to the control group, ## p < 
0.01, ### p < 0.001 compared to the ᴅ-GalN/LPS group (one-way ANOVA).
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Many previous reports focused on the pivotal role 
of the transcription factor, NF-κB in the mediation and 
the provoking of ᴅ-GalN/LPS-induced inflammatory re-
sponse. In the normal state, NF-κB is captured by its in-
hibitory protein and resided in the cytoplasm. Upon acti-
vation, NF-κB is released and enters the nucleus where it 
stimulates the expression of proinflammatory cytokines as 
TNF-α and different ILs. ᴅ-GalN/LPS challenge is known 
to be a potent stimulus of NF-κB activation and its trans-
location into the nucleus which results in the enhanced 
genetic expression of inflammatory cytokines (Ge et al., 
2018; Wang W et al., 2018; Wang X et al., 2019). Further-
more, TNF-α, as a pivotal inflammatory mediator, causes 
direct hepatocyte damage and promotes hepatocytes apop-
tosis in the early stage of FHF of ᴅ-GalN/LPS-sensitized 
mice (El-Agamy et al., 2018). TNF-α binds to a specific 
TNF receptor on the surface of hepatocytes and stimu-
lates inner oxidative stress which results in enhancement 
of the apoptotic pathway and massive hepatocyte death 

(Yang et al., 2020). In line with the aforementioned stud-
ies, the current results confirmed the increase in NF-κB 
and its downstream inflammatory cytokines after ᴅ-GalN/
LPS injection. This inflammatory cascade was interrupted 
in ML-pretreated mice. These results confirm the data of 
the previous studies of Sirwi et al. which demonstrated 
the potent inhibitory effects of ML on NF-κB activation 
in doxorubicin-induced-hepatotoxicity and cardiotoxicity 
(Sirwi et al., 2021; Sirwi et al., 2022). Thereupon, it is rea-
sonable to hypothesize that the hepatoprotective property 
of ML may be partly due to modulation of NF-κB/inflam-
matory cytokine cascade signaling resulting in alleviation 
of the inflammatory response. It is noteworthy that other 
related sesquiterpenes as deoxyelephantopin (Huang et al., 
2013), β-caryophyllene (Choi JW et al., 2014) and costu-
nolide (Wang Y et al., 2017) have shown hepatoprotective 
potential against ᴅ-GalN/LPS-induced FHF. These reports 
attributed this effect due to their abilities to modulate oxi-
dative inflammatory responses. However, further investi-

Figure 5. ML ameliorated ᴅ-GalN/LPS-induced nuclear factor- κB (NF-κB) activation.
Immunohistochemical staining of NF-κB in the hepatic sections (100×&200×) of the control group showed minimal NF-κB positive 
staining compared to the increased staining in the ᴅ-GalN/LPS group. ML-pretreated groups exhibited significant amelioration in NF-
κB staining; Level of NF-κB in the hepatic tissue. Data are expressed as means ± SE, n=8;* p < 0.05, ** p < 0.01, *** p < 0.001 compared to 
the control group; #p < 0.05, ## p < 0.01, ### p < 0.001 compared to the ᴅ-GalN/LPS group (one-way ANOVA).
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gation of ML pharmacological activities is strongly recom-
mended to get a clearer insight to its molecular pathways 
and confirm its beneficial use for FHF patients.

5. Conclusion
Collectively, the present study demonstrated the hepato-
protective activities of ML against ᴅ-GalN/LPS-caused 
FHF that may be related to its potent antioxidant and an-
tiinflammation activities which may be in-part explained 
through its capability to repress the activation of NF-κB/
inflammatory cytokine signal pathway. Thus, these data 
encourage further investigation of other possible molecu-
lar pathways that underlie the hepatoprotective effects of 
ML. Also, additional research is strongly recommended to 
prove the efficacy of ML in FHF patients.
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Figure 6. ML lowered ᴅ-GalN/LPS-induced cytokine production.
TNF-α: Tumor necrosis factor-α; IL-6: Interleukine-6; IL-1β: Interleukine-1β. A. Immunostaining of TNF-α in the hepatic sections 
(100×) showing minimal staining in the control group and intensified staining in the ᴅ-GalN/LPS group. ML-pretreated groups showed 
much lower TNF-α positive staining. B. Levels of inflammatory cytokines in the hepatic tissue. Data are expressed as means ± SE, n=8;* 

p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control group; #p < 0.05, ## p < 0.01, ### p < 0.001 compared to the ᴅ-GalN/LPS group 
(one-way ANOVA).
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List of abbreviations
A549 Lung adenocarcinoma cell line
ALP Alkaline phosphatase 
ALT Alanine-amino-transferase
AST Aspartate-amino-transferase
BMC Batterjee Medical College
COX-2 Cyclooxygenase-2
DAB Diaminobenzidine
DOX Doxorubicin
FHF  Fulminant hepatic failure
FOXO1 Forkhead box protein O1
γ-GT Gamma-glutamyltransferase 
ᴅ-GalN ᴅ-Galactosamine 
H&E Hematoxylin/ eosin
HCT15 Human colorectal carcinoma 
HL‐60 Human leukemia cell line
IHC Immunohistochemical
iNOS Inducible nitric oxide synthase
IFN-γ Interferon gamma
IL-6 Interleukin 6

IL-1β Interleukin 1β
5-LOX 5-Lipoxygenase
LPS Lipopolysaccharide
MDA Malondialdehyde 
ML Mokko lactone 
NF-κB Nuclear- factor kappa-B
PGE2 Prostaglandin E2
PTP1B Protein-tyrosine phosphatase-1B
RP-18 Reversed phase -18
SiO2 CC  Silica gel column chromatography
SIRT1 Sirtuin 1 
SK-OV-3 Ovarian cancer cell line
SK-MEL-2 Human melanoma cell line 
SOD Superoxide dismutase 
TAC Total antioxidant capacity 
TLR-4 Toll-like-receptor-4
TNF-α Tumor-necrosis factor-alpha
UDP Uridine diphosphate
XF498 Human CNS solid tumor
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