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Purpose: Drug-induced liver injury (DILI) is the most common cause of acute liver failure.

The aim of this study was to investigate the molecular mechanisms by which Ganoderma

lucidum mushroom (GLM) may ameliorate cisplatin (CP)-induced hepatotoxicity theoreti-

cally and experimentally.

Materials and Methods: Thirty-six male Sprague-Dawley (SD) rats were divided into six

groups, two of them are normal andGanoderma lucidum control groups. Liver injury was induced

by a single dose of CP (12 mg/kg i.p) in four groups, one of them is CP control group. Besides

cisplatin injection in day 1, rats in groups (4–6) were subjected to GLM (500 mg/kg/day) either

every other day or daily oral dose or via i.p injection for 10 consecutive days.

Results: In this study, GLM supplementation caused significant reduction of elevated high-

mobility group box-1 (HMGB-1) with a concurrent decline in TNF-α and upregulation of IL-10

compared to the CP group (P<0.05). The histopathological and fibrosis evaluation significantly

confirmed the improvement upon simultaneous treatment with GLM. Moreover, immunohisto-

chemical examination also confirmed the recovery following GLM treatment indicated

by downregulation of NF-κB, p53 and caspase-3 along with upsurge of B-cell lymphoma

2 (Bcl-2) expression (P<0.05). GLM treatment significantly decreased serum levels of hepatic

injury markers; ALT, AST, T. bilirubin as well as oxidative stress markers; MDA and H2O2 with

a concomitant increase in hepatic GSH and SOD. Also, the performed docking simulation of

ganoderic acid exhibited good fitting and binding with HMGB-1 through hydrogen bond

formation with conservative amino acids which gives a strong evidence for its hepatoprotective

effect and may interpret the effect of Ganoderma lucidum.

Conclusion: GLM attenuated hepatic injury through downregulation of HMGB-1/NF-kB

and caspase-3 resulted in modulation of the induced oxidative stress and the subsequent

cross-talk between the inflammatory and apoptotic cascade indicating its promising role in

DILI.

Keywords: drug-induced liver injury, Ganoderma lucidum mushroom, ganoderic acid,

cisplatin-induced hepatotoxicity, inflammatory cytokines, high-mobility group box-1

Introduction
Drug-induced liver injury (DILI) is the most common cause of acute liver failure

worldwide.1,2 Cisplatin (CP) is one of the most common and potent anti-neoplastic

agents used against testicular, ovarian, cervical, as well as bladder malignancies.3–6

Despite its effectiveness, CP use is limited due to its serious toxic side effects such as
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nephrotoxicity,7 ototoxicity and neurotoxicity.8 Some stu-

dies had ascertained that hepatotoxicity is another important

dose-limiting side effect of CP-based chemotherapy.9,10

During the aggressive treatment protocols, higher doses of

CP that may be required for effective tumor suppression

which could lead to hepatotoxicity that is also encountered

during low-dose repeated CP therapy.11 In addition, CP

induces direct breaks in DNA strands of the basal epithe-

lium, causing release of reactive oxygen species (ROS) and

direct damage to the cells.12 Indeed, oxidative stress plays

an important role in this toxicity, and it is a sign of mito-

chondrial damage.13 Furthermore, inflammation, an oxida-

tive stress complication, is characterized by excessive

production of cytokines, tumor necrosis factor-alpha

(TNF-α), interleukin-6 (IL-6).11,14 Accordingly, stress can

simultaneously provoke both adaptive and apoptotic

responses; the integration of these programmed survival

and death signals determines the fate of the cell. Bcl-2 and

p53 are key proteins in the regulation of apoptosis following

stress.15,16 The immanent common finding of the hepato-

toxicity among cancer patients who are treated with CP

boosts the urgent need of an ideal hepatoprotective natural

product that improves clinical outcome among those cancer

patients. Therefore, development of an effective interven-

tion is seen as a high priority in oncological supportive care.

High-mobility group box-1 (HMGB-1) is a ubiquitous

protein, identified as an alarmin molecule, participating

in the pathogenesis of acute as well as chronic liver

injuries.1,17 HMGB-1 protein contains two similar DNA-

binding domains A-box and B-box, each with three

α helices that fold into an L- or V-shaped structure con-

taining a negatively charged acidic tail that interacts with

specific residues within and between the HMG boxes and

thus regulates the 3D structure and DNA binding of the

protein.18 Hepatocytes actively secrete HMGB-1 in

response to oxidative stress induced by pro-oxidants, and

appear to be the major cellular source of HMGB-1 in the

damaged liver.19 Alarmins, upon binding their respective

receptors, mobilize and activate immune cells, which will

further take part in host defense and tissue repair,20

a property that explains the immunomodulatory activities

of HMGB-1 upon which it is classified as an “endokine.”21

Furthermore, HMGB-1 itself, or in conjunction with other

pro-inflammatory cytokines as interleukin1-beta (IL1-β),

interferon gamma (IFNγ) and TNF-α amplifies the inflam-

matory cascade by stimulating the production of certain

cytokines.22,23

Ganoderma lucidum mushroom (GLM) is a valuable

source of biologically active substances.24 It has

a hepatoprotective action against alcohol, cadmium and tert-

butyl hydroperoxide (t-BHP)-induced liver injury through

anti-oxidative and anti-inflammatory mechanisms.25–27

Chemically, GLMcomprises terpenes, proteins, polysacchar-

ides, amino acids, flavonoids, alkaloids, steroids, mannitol,

and other minor compounds.28 Ganoderic acid (GA) is one of

the most explored terpenes of the GLM in which GA-A and

GA-H effectively suppress the processes of cell proliferation,

metastasis, and adhesion by modulating the expression of

nuclear transcription factors as activator protein-1 (AP-1)

and nuclear factor-kappa B (NF-κB).29 Although the bene-

ficial properties of GLM had been well defined, the potential

mechanisms by which it may protect the liver against the

cytotoxic effects have not been fully exploited yet. Thus, this

study is designed to investigate themolecular mechanisms by

which GLM may attenuate hepatotoxicity experimentally

and theoretically.

Materials and Methods
Drugs and Chemicals
Cisplatin was obtained from (Sigma Chemical Co., St. Louis,

MO, USA). Ganoderma lucidum was obtained from (DXN

Pharmaceutical SDN, BHD Malaysia) as a powder form.

Animals
Male Sprague-Dawley rats (120–140 g) were obtained from

Experimental Animal Center, Mansoura University, and

were housed in certified animal cages, under controlled

environmental conditions, at room temperature 22 ±2◦C
and a 12-hour light-dark cycle, food and water were provided

ad libitum. The rats were allowed to acclimatize to the

laboratory environment for 7 days before the start of the

experiment. The Ethical Committee of the Faculty of

Pharmacy, University of Delta for Sciences and Technology

approved the experimental protocols (FPDU1/2019), in

accordance with the National Institutes of Health guide for

the care and use of Laboratory animals.

Experimental Design
A total of thirty six healthy adult male Sprague-Dawley

(SD) rats (120–240 g) body weight obtained from experi-

mental animal center, Mansoura University were used for

the experiments. The rats were housed under standard light

conditions (12 h light/12 h dark) with food and water
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available ad libitum and were divided into six groups:

(n = 6)/each.

Control Group (Cont)

Rats were received distilled water (1000 mg/dl) daily for

10 consecutive days using oral gavage.

Ganoderma lucidum Group (GL)

Rats were received GLM (500 mg/kg/day) in distilled

water (1000 mg/dl) daily for 10 consecutive days using

oral gavage and served as GL control group.

Cisplatin Group (CP)

Rats were injected with a single dose of Cisplatin (12 mg/kg

i.p) on day 1 only and served as cisplatin group.

The following groups were injected with a single dose

of Cisplatin (12 mg/kg i.p) only on day 1, and were co-

treated with GLM by different regimens for 10 consecu-

tive days as follows:

Every Other Day Group (EOD)

Besides cisplatin injection on day 1, rats were subjected to

GLM (500 mg/kg/day) in distilled water on days 1, 3, 5, 7

and 9 using oral gavage and served as cisplatin and oral

GLM every other day treated group.

Everyday Group (Daily)

Besides cisplatin injection on day 1, rats were subjected

to GLM (500 mg/kg/day) in distilled water daily using

oral gavage, starting from day one for 10 consecutive

days and served as cisplatin and oral daily GLM treated

group.

Intraperitoneal Group (i.p)

Besides cisplatin injection on day 1, rats were co-treated

with GLM (500 mg/kg/day i.p) in distilled water just twice

throughout the whole study, at days 2 and 6 and served as

cisplatin and i.p GLM (i.p).

The doses and time course of experiments used for

cisplatin and Ganoderma lucidum were in the range of

those used in other studies with a modification of increas-

ing the study period for 10 days.30–32 Furthermore, doses

were determined after preliminary experiments.

The different regimen choice was based on the concern

of toxicity in case of high dose and which was in accor-

dance with others33 who suggested that in such a case, an

every other day dose is recommended until the successful

dose of treatment is recognized.

Animal Sacrifice and Sample Collection
On day 10 of the experiment, blood samples of overnight-

fasted rats were collected via puncture of the retro-orbital

venous plexus using capillary hematocrit tubes, allowed to

stand, centrifuged at 3000 rpm for 5 mins, serum samples

were separated and stored at −80°C until they were ana-

lyzed. Then, the animals were sacrificed by cervical dis-

location; rat livers were removed, cleaned, weighed, and

chilled on crushed ice. Liver tissues were isolated, rinsed

in ice-cold saline and homogenized (10% w/v) in ice-cold,

sodium phosphate buffer (0.01 M, pH 7.4) containing

1.15% KCl. The homogenates were centrifuged at

3000 rpm for 20 min at 4◦C; the supernatant was collected

and stored at −80◦C until used for biochemical testing.

Assessment of Liver Function
The biochemical markers of liver injury, including serum

alanine aminotransferase (ALT), aspartate aminotransfer-

ase (AST) and total bilirubin (T. bilirubin) levels were

assessed using commercial colorimetric assay kits pur-

chased from (Creative BioMart, NY, USA) according to

the manufacturer’s instructions.

Assessment of Oxidative Stress Markers
Malondialdehyde (MDA) concentration in liver homoge-

nate was measured as previously described by our group, it

is based on the reaction of thiobarbituric acid with MDA

to form thiobarbituric acid reactive species (TBARs), mea-

sured colorimetrically at 534 nm and relative to MDA

content.34,35 Also, hydrogen peroxide concentration was

estimated based on the reaction of H2O2 with 3,5-dichloro-

2-hydroxybenzensulfonic (DHBS) acid and 4-aminophe-

nazone in the presence of peroxidase enzyme to

form a chromophore which is measured at 510 nm

colorimetrically.36

Assessment of Anti-Oxidant Activity
Hepatic superoxide dismutase (SOD) activity was deter-

mined depending on the ability of the enzyme to inhibit

phenazine methosulfate-mediated reaction of nitroblue tet-

razolium, which was measured colorimetrically at 560

nm.37,38 Moreover, the concentration of hepatic glu-

tathione (GSH) in the liver homogenate was measured

depending on the reaction of 5,5ʹ dithiobis 2-nitrobenzoic

acid (DTNB) with glutathione and development of

a relatively stable yellow color measured at 412 nm

spectrophotometrically.39,40
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Enzyme-Linked Immunosorbent Assay
The hepatic levels of HMGB-1 and TNF-α were assessed

using (Bioassay Technology Laboratory, Shanghai, China)

and interleukin-10 (IL-10) (eBioscience Inc., San Diego,

CA, USA) ELISA kits according to the manufacturers’

instructions.

Histopathological, Immunohistochemical

Examination
Hepatic tissue samples were placed in 4% paraformalde-

hyde for 72 hrs, embedded in paraffin wax, cut into 3 µm

sections, and stained with hematoxylin-eosin (H, E). In

addition, the liver sections embedded in paraffin were

cut, stained with Masson’s trichrome stain for evaluation

of the collagen deposition around central veins and in

portal areas. Staining intensity was assessed using the

scores from (0 to 3) as follows: (0), negative; (1), weak;

(2), moderate and (3), strong staining.41

Immunohistochemical (IHC) evaluation was conducted,

as other set of paraffin-embedded tissues were cut into 4 µm

thick sections, deparaffinized in xylene and rehydrated with

aqueous alcohol solutions.42 For antigen retrieval of NF-

kB,43 P53,44 Bcl-2,45 and caspase-3,46 tissue sections were

placed in glass jars containing 0.01 M sodium citrate buffer

(pH 6.0) and boiled for 5 mins twice to enhance immunor-

eactivity. After cooling, the slides were rinsed with phos-

phate buffer saline (pH7.2) the samples were then incubated

overnight at 4°C against the different primary antibodies

for; NF-kB (1:300),43 P53 (1:300),44 Bcl-2 (1:300),45 and

caspase-3 (1:400),46 (Santa Cruz Biotechnology Inc, CA,

USA). Slides were washed and incubated with relative

secondary antibodies, finally, the sections were washed

with tris buffered saline and the immunoreaction was visua-

lized using 3,3ʹ-diaminobenzidine tetrahydrochloride

(Genemed Power-Stain, 1.0 Poly HRP DAB kit, Sakura

Finetek Inc USA). Sections were then washed under run-

ning tap water for 10 mins, counterstained with Mayer’s

haematoxylin and mounted for assessment. The levels of

IHC staining intensity after adding NF-kB, P53, Bcl-2

antibodies were assessed using the scores from (0 to 3) as

follows: (0), negative; (1), weak; (2), moderate and (3),

strong staining.47

In addition, the percentages of IHC staining intensity

of the bright brown cytoplasmic caspase-3 were consid-

ered mild when positive staining is in < 25–50% of exam-

ined fields, moderate when positive staining is in 25–50%

of examined fields and strong when positive staining is in

50–75% of examined fields and very strong when positive

staining is in >75% of examined fields. A pathologist

blinded to the different animal groups using a light micro-

scope assessed grading of necroinflammation, quantifica-

tion of fibrosis and IHC estimation.

Qualitative Phytochemical Analysis of

GLM
A total phytochemical screening was performed to reveal

the bioactive constituents of GLM. Methanol was used as

a solvent for preparing the extract from the mushroom

powder. 20 g of GLM powder was dissolved in100 mL of

methanol, after the completion of extraction, the superna-

tant was filtered through Whatman #1 filter paper. The

filtrate was evaporated to dryness to obtain a residue,

which was stored at 4°C in airtight containers for further

investigations. The residue was reconstituted in methanol

and subjected to qualitative chemical tests for assessing the

following various phytoconstituents; Triterpenes and/or

Steroids, cardiac glycosides, flavonoids, saponins, alkaloids

and/or nitrogenous bases, tannins, and carbohydrates.48

Free and combined anthraquinones were also estimated.49

Assessment of Total Polyphenols,

Flavonoids Content of GLM and Docking

Study
Total Polyphenols Content

The total phenolic content of GLM powder was determined

using Folin–Ciocalteu reagent method.50 Aliquots of 0.1 mL

of the GLM solution in distilled water (0.1g/mL) were mixed

with 2.8 mL of distilled water, 2 mL of 2% (w/v) sodium

carbonate and finally 0.1mL of 50% (v/v) of Folin–Ciocalteu

reagent was added. This mixture was incubated for 30 mins

at room temperature and the absorbance of the resulting color

was measured at 750 nm against distilled water as blank,

using Spekol 11 (Carl Zeiss-Jena) spectrophotometer. For

quantitative determination, a standard curve of Gallic acid

(0–200mg/l) was prepared by the same method.

Total Flavonoids Content

The total flavonoids content of GLM powder was deter-

mined colorimetrically using aluminum chloride.51

A 0.5 mL of the GLM solution (0.1 g/mL distilled water)

was mixed with 1.5 mL of 95% ethyl alcohol, 0.1 mL of

10% aluminum chloride (AlCl3), 0.1mL of 1M potassium

acetate (CH3COOK) and 2.8 mL of distilled water. After

incubation for 40 min at room temperature, the absorbance

Hassan et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Drug Design, Development and Therapy 2020:142338

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


of the reaction mixture was measured at 415 nm against

distilled water as blank, using Spekol 11 (Carl Zeiss-Jena)

spectrophotometer. Quercetin was chosen as a standard of

flavonoids for making the standard curve (0–50mg/l).

Docking Study

The various Ganoderma lucidum constituents were built in

2D using ChemBioOffice (CBO) suite and geometrically

optimized,52 then subjected to docking simulation using

the Molecular Operating Environment (MOE) software,53

where the protein molecule was kept rigid but with flexible

binding site and each compound had to go through 50 runs

of docking process. Finally studying the docking results

for each compound separately to determine the best fitting

compounds to the provided protein molecule, our dock

workflow went through the following stages:

Conformational Analysis: to generate conformations

from a single 3D conformer.

Placement: 50 poses were generated for each com-

pound using “Triangle Matcher” technique.

Rescoring: scoring functions emphasize favourable

hydrophobic, ionic and hydrogen bond contacts. We fol-

lowed “London dG” method from MOE package.

Refinement: Poses can be refined using force field

method.

The protein file used for our docking study was chosen

from the protein data bank (pdb code: 2YRQ) representing

human HMGB-1.54

Statistical Analysis
Data were statistically analyzed using Prism software

(Graph Pad 8, San Diego, CA, USA), differences between

groups were tested for significance using one-way analysis

of variance (ANOVA), followed by Tukey-Kramer multi-

ple comparison test, once the differences exist among the

means. Results were presented as means ± standard error

Figure 1 Hepatoprotective effects of GLM (500 mg/kg/day) on serum levels of (A) ALT, (B) AST, (C) T. bilirubin in CP-induced liver injury in rats. Data are expressed as

means ± SEM. Statistically significant differences when p<0.05, indicated as $$$compared to control group P<0.001; €€€compared o GL group P<0.001; ***compared to CP

group P<0.001; **compared to CP group P<0.01. *compared to CP group P<0.05.
Abbreviations: GLM, Ganoderma lucidum mushroom; ALT, alanine aminotransferase; AST, aspartate aminotransferase; T. bilirubin, total bilirubin; CP, cisplatin; GL,

Ganoderma lucidum group.
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mean (SEM), values p<0.05 were regarded as statistically

significant.

Histopathological scores of collagen deposition in the

examined sections describing nonparametric variables

were analyzed by Kruskal–Wallis test followed by

Dunn’s tests for comparison six groups. P value < 0.05

was considered statistically significant.

Statistical analyses of IHC staining intensity scores were

also performed using prism software. Because the variables

did not fit the normal distribution, non-parametric compar-

isons were performed by Kruskal–Wallis test followed by

Dunn’s method to compare all means. The significance

level was set when p < 0.05.

Percentages of IHC staining intensity of caspase-3

were analyzed using one-way ANOVA followed by

Tukey’s test to compare all means.

Results
Hepatoprotective Effect of GLM on Liver

Function Biomarkers
Figure 1A–C shows that CP caused a significant elevation

in serum levels of liver enzymes ALT, AST and T. bilirubin

as compared to the control groups (cont and GL) p<0.001.

On the other hand, supplementation with GLM together

with CP significantly decreases liver enzymes as compared

Figure 2 Hepatoprotective effects of GLM (500 mg/kg/day) on hepatic levels of (A) MDA, (B) H2O2 in CP-induced liver injury in rats. Data are expressed as means ± SEM.

Statistically significant differences when p<0.05, indicated as $$$compared to control group P<0.001; €€€compared o GL group P<0.001; ***compared to CP group P<0.001;
**compared to CP group P<0.01; *compared to CP group P<0.05.
Abbreviations: GLM, Ganoderma lucidum mushroom; MDA, malondialdehyde; H2O2, hydrogen peroxide; CP, cisplatin; GL, Ganoderma lucidum group.

Figure 3 GLM treatment attenuates anti-oxidant activity in liver tissues. Effects of GLM (500 mg/kg/day) on hepatic levels of (A) GSH, (B) SOD % inhibition in CP-induced

liver injury in rats. Data are expressed as means ± SEM. Statistically significant differences are indicated as: $$$compared to control group P<0.001; €€€compared o GL

group P<0.001; ***compared to CP group P<0.001; **compared to CP group P<0.01. *compared to CP group P<0.05.
Abbreviations: GLM, Ganoderma lucidum mushroom; GSH, glutathione; SOD % inhibition, superoxide dismutase % inhibition; CP, cisplatin; GL, Ganoderma lucidum group.
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Figure 4 GLM modulates hepatic inflammatory response. Effects of GLM (500 mg/kg/day) on hepatic levels of (A) HMGB-1, (B) TNF-α, and (C) IL-10 in CP-induced liver

injury in rats. Data are expressed as means ± SEM. Statistically significant differences when p<0.05 indicated as: $$$compared to control group P<0.001; €€€compared o GL

group P<0.001; ***compared to CP group P<0.001; **compared to CP group P<0.01. *compared to CP group P<0.05.
Abbreviations: GLM, Ganoderma lucidum mushroom; HMGB-1, high-mobility group box-1, TNF-α, tumor necrosis factor-alpha; IL-10, interleukin-10; CP, cisplatin; GL,

Ganoderma lucidum group.

Figure 5 Cisplatin-induced liver injury in liver sections stained with hematoxylin-eosin. Representative microscopic pictures of liver sections showing normal histology

of central vein (CV) and well organized radially arranged hepatic cords in cont group (A and B) and GL group (C and D), while disrupted organization of hepatic

cords, congestion of CV, centrilobular areas of necrosis, vacuolar and hydropic degeneration in other hepatocytes (E). Higher magnification to show congestion (black

arrow), vacuolar degeneration (red arrow) (F) and necrosis (arrowheads) (G and H) in hepatocytes of CP group. H&E, (A, C and E) X: 100 bar 100 and (B, D, and
F–H) X: 400 bar 50.
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to the CP group, and these effects where highly reversed in

daily group p<0.001 as compared to the CP group.

Hepatoprotective Effect of GLM on Oxidative Stress

Markers

Figure 2A,B reveals that CP administration, dramatically

increased hepatic MDA and H2O2 contents, respectively,

as compared to the cont and GL groups (p<0.001), sug-

gesting remarkable oxidative stress and lipid peroxidation.

Meanwhile, GLM treatment in animals co-treated with CP

significantly attenuated the hepatic oxidative stress and

lipid peroxidation when compared with the CP group

(p<0.05), considering the fact that daily treatment gave

the best results.

Remarkable Anti-Oxidant Activity of GLM

Figure 3 confirms the antioxidant defense of GLM in hepatic

tissue; (a) shows a dramatic depletion of hepatic reduced

GSH after CP administration. (b) Displays SOD% inhibition

as compared to the Cont group. On the other hand, both

hepatic GSH and SOD activity were significantly restored

due to supplementation with (500 mg/kg/day) GLM together

with CP either in EOD at p<0.01, daily at p<0.001 or i.p at

p<0.05 as compared to CP only treated group.

Figure 6 GLM alleviates liver injury in rat liver sections stained with hematoxylin-eosin. Representative microscopic pictures of liver sections showing centrilobular vacuolar

degeneration of hepatocytes (short black arrows) with well-organized radially arranged hepatic cords in i.p.-treated group (A and B), congestion of CV (long black arrow),

diffuse hydropic degeneration in hepatocytes (short black arrows) from EOD group (C and D). Centrilobular vacuolar degeneration of hepatocytes (short black arrows)

(E and F) of daily group. H&E, (A, C, and E) X: 100 bar100 and (B, D, and F) X: 400 bar 50. i.p, Intraperitoneal group.

Abbreviations: CV, central vein; EOD, every other day group.
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Effect of GLM on Hepatic Inflammatory

Response
In Figure 4A, B a prominent significant increase in hepatic

HMGB-1 and TNF-α levels were noticed in the group treated

with CP as compared to that of Cont and GL groups p<0.001.

However, a significant downregulation of hepatic HMGB-1

and TNF-α concentrations were observed in all groups treated

with CP and co-treated with (500 mg/kg/day) GLM

either EOD at p<0.01, daily at p<0.001 or i.p at p<0.05 as

compared with CP-treated group. Correspondingly, the anti-

inflammatory and immunosuppressive cytokine Il-10 expres-

sion in Figure 4C was dramatically diminished in CP group as

compared to the cont and GL groups p<0.001, contrarily

hepatic Il-10 levels were extremely significant in EOD at

p<0.01, daily at p<0.001 and i.p p<0.05groups in comparison

to CP-treated group.

Histopathological and

Immunohistochemical Assessment
Histopathological Examination

Liver sections stained with hematoxylin-eosin (H,E) and

Masson’s trichrome revealed a normal architecture of

liver tissues in Cont and GL rats (Figures 5A–D and

7A–D). Conversely, CP treatment induced significant

liver injury characterized by necroinflammation and col-

lagen deposition (Figures 5E–H and 7E–H). In contrast,

treatment with GLM together with CP significantly atte-

nuated hepatic injury as indicated by a significant

reduction in the inflammation score (p<0.01) compared

with the CP-only-treated group (Figure 6), showing the

best result in the daily group. In addition, GLM treatment

markedly reduced the fibrosis score (p<0.01), compared

with rats treated with CP group, with the fact that daily

group showed the best results as compared to EOD and i.

p groups Figure 8(1,2).

Immunohistochemical Expression of NF-kB, P53,

Bcl-2 and Caspase-3

In Figures 9(1, 2) and 10(1,2), immunohistochemical detec-

tion of liver sections stained using Mayer’s hematoxylin for

expression of NF-kB and P53 revealed a negative nuclear

staining in control groups 9 (A, B), 10 (a, b) and GL groups

9 (C, D), 10 (c, d). However, strong positive nuclear staining

in CP groups 9 (E, F) and 10 (E, F) were also detected in NF-

kB and P53 expression, respectively. Remarkably, treatment

with GLM together with CP triggered a significant down-

regulation of NF-kB and P53 expression P< 0.05 indicated

by; moderate positive nuclear staining in i.p treated group

Figures 9G, H and 10G, H, mild positive nuclear staining in

EOD groups 9 (I, J), 10 (I, J) and very mild positive nuclear

staining in daily groups 9 (K, L),10 (K, L).

In addition, cisplatin treatment revealed a significant

downregulation of Bcl-2 expression in liver sections

stained using Bcl-2 antibody Figure 11E, F as compared

to control group (A, B) and GL group (C, D) P< 0.05.

Alternatively, treatment with GLM ameliorates Bcl-2

expression ranging from mild positive staining score

Figure 7 Effect of CP on fibrosis in CP-induced liver injury. Representative microscopic pictures of Masson trichrome stained liver sections, showing no collagen deposition

around central vein (CV) and in portal areas (PA) scored 0 in cont group (A and B) and GL group (C and D). Meanwhile, a moderate stain (E and F) scored 2 to severe

(G and H) scored 3 blue stained collagen deposition around central vein (CV) and in portal areas (PA) (black arrows) in group received cisplatin only (E–H). X: 100 bar 100

(A, C, E, and G) and X: 400 bar 50 (B, D, F, and H).
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Figure 8 Effect of GLM on fibrosis in CP-induced liver injury. (1) Representative microscopic pictures of Masson trichrome stained liver sections, showing moderate blue-

stained collagen deposition around central vein (CV) and in portal areas (PA) scored 2 (A–C) (black arrows) in i.p group. Mild blue-stained collagen deposition around CV

and in PA scored 1 (D–F) (black arrows) in EOD group, no collagen deposition around CV and in PA score 0 (G–I) in daily group. X: 100 bar 100 (A, D, and G) and X: 400

bar 50 (B, C, E, F, H, and I). (2) Statistical analysis of collagen deposition scores in all examined sections of CP-induced liver injury. Collagen deposition scores showing

a significant reduction in fibrosis scores in all groups treated with GLM when compared with CP group. Different small alphabetical letters means significant when P< 0.05.
aSignificant against control group; bsignificant against GL group; csignificant against CP group; dsignificant against i.p group.
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(1) in i.p group (G, H), moderate positive staining score

(2) in EOD group (i, j), and strong positive staining

score (3) in daily-treated group (K, L) Figure 11(1,2).

Immunohistochemical analysis of caspase-3 Figure 12

(1) confirmed the ability of GLM to attenuate CP-induced

apoptosis in hepatic tissues, which were markedly miti-

gated in the daily group as compared to CP-treated group

P< 0.05, expressed as a percentage of staining intensity

Figure 12(2).

Results of Qualitative Phytochemical

Analysis of GLM
The phytochemical screening of the methanolic extract of

GLM revealed that it contains; triterpenoids, glycosides,

Figure 9 Effect of Ganoderma lucidum on immunoexpression of NF-kB in rat livers. (1) Representative microscopic pictures of liver sections immunostained using NF-kB

antibody, showing negative nuclear staining score (0) in the control group (A and B) and GL group (C and D). Strong positive nuclear staining as indicated by intense brown

color score (3) in CP group (E and F), moderate positive nuclear staining score (2) in i.p treated group (G and H), mild positive nuclear staining score (1) in EOD group

(I and J), and very mild positive nuclear staining score ±1 in daily group (K and L). Black arrows point to positive nuclear staining. IHC counterstained with Mayer’s

hematoxylin. X: 100 bar 100 (A, C, E, G, I, and K) and X: 400 bar 50 (B, D, F, H, J, and L). (2) Statistical analysis of IHC staining intensity scores in six experimental groups

showing significant reduction in NF-kB in daily group when compared with CP group. Different small alphabetical letters means significant when P< 0.05. aSignificant against

control group; bsignificant against GL group; csignificant against CP group; dsignificant against i.p group.
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flavonoids, alkaloids and/or nitrogenous bases, tannins,

and carbohydrates as presented in Table 1.

The Total Polyphenol, and Flavonoid Content of GLM

Table 2 shows the total polyphenol content of GLM

expressed as milligram gallic acid equivalent (GAE)/g

based on dry weight. In addition, the total flavonoid

content was expressed as milligram quercetin equiva-

lent (QE)/g based on dry weight. These results together

may confirm that GLM is a source of natural antiox-

idant compounds and can be used as excellent food

supplement.

Molecular Modeling Results

Table 3 presents the binding scores of the different Ganoderic

acid constituents with HMGB-1. Also, Figure 13A-F presents

the binding between the constituents (ganoderic acid) with the

highest scores with HMGB-1. Likewise, Figure 14 shows the

overlay of compounds 2, 5 and 9 in the binding site.

Discussion
The present study investigated the possible protective effects

of GLM against CP-induced hepatotoxicity through anti-ox-

idative and anti-inflammatory effect. To induce acute hepa-

totoxicity, a single dose of CP (12 mg/kg) was injected i.p,

Figure 10 Effect of Ganoderma lucidum on immunoexpression of P53 in rat livers. (1) Representative microscopic pictures of liver sections immunostained using P53 antibody,

showing negative staining score (0) in the control group (A andB) and GL group (C andD). Strong positive staining as indicated by intense brown color score (3) in CP group (E and

F), moderate positive staining score (2) in i.p treated group (G andH), mild positive staining score (1) in EOD group (I and J) and very mild positive staining score ±1 in daily group

(K and L). Black arrows point to positive staining. IHC counterstained with Mayer’s hematoxylin. X: 100 bar 100 (A,C, E,G, I, and K) and X: 400 bar 50 (B,D, F,H, J, and L). (2)
Statistical analysis of IHC staining intensity scores in six experimental groups showing significant reduction in P53 in daily group when compared with CP groups. Different small

alphabetical letters means significant when P< 0.05. aSignificant against control group; bsignificant against GL group; csignificant against CP group; dsignificant against i.p. group.
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and it produced serious array of events of liver injury where

significant increase in serum ALT (+73.75%), AST

(+87.08%) and T. bilirubin (+86.93%) was recognized as

compared to the control group. In addition, significant

increase in hepatic oxidative stress and inflammatory mar-

kers was found. These events were consistent with other

studies who confirmed the changes related to the CP-

induced hepatotoxicity.9,55 Our results showed that supple-

mentation with GLM causes a significant decrease in serum

levels of liver injury markers; ALT, AST and T. bilirubin as

compared to the CP group, which indicate a promising role of

GLM in CP-induced acute liver injury.

Besides, CP-induced liver injury was also confirmed by

(+121.4%) increment in MDA and (+146.22%) in H2O2

levels with a concomitant decline in hepatic antioxidants

such as reduced GSH (−61.58%) and SOD activity

(−60%). These results were consistent with previous stu-

dies, which affirmed the induction of potential oxidative

stress because of CP injection, leading to cell death in liver

tissue.56–58 Accordingly, severe hepatocellular injury such

Figure 11 Hepatoprotective effect of Ganoderma lucidum on immunohistochemical expression of Bcl-2 in rat livers. (1) Representative microscopic pictures of liver sections

immunostained using Bcl-2 antibody, showing mild positive staining score (1) in the control group (A and B), GL group (C and D). Negative staining score (0) in CP group

(E and F), modulation of Bcl-2 as mild positive staining score (1) in i.p group (G, H), moderate positive staining score (2) in EOD group (I and J), and strong positive staining

score (3) in daily-treated group (K and L). Black arrows point to positive staining. X: 100 bar 100 (A, C, E, G, I, and L) and X: 400 bar 50 (B, D, F, H, and J). IHC
counterstained with Mayer’s hematoxylin. (2) Statistical analysis of IHC staining intensity scores in six experimental groups showing a significant increase in Bcl-2 in daily-

treated group when compared with all groups. Different small alphabetical letters means significant when P< 0.05. aSignificant against control group; bsignificant against GL

group; csignificant against CP group; dsignificant against i.p. group; esignificant against EOD group.
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as mitochondria which releases excess amount of ROS

when the cytochrome P450 catalytic cycle is interrupted.

Interestingly, administration of GLM caused reversal of

alterations in GSH as well as SOD levels. We suggested

that the antioxidant activity of GLM may be attributed to

their content of total polyphenol (132.74 mg GAE/g) and

total flavonoids (23.18 mg QE/g) as were found in our

study. Our results were in line with other studies reported

that the total phenolic content of edible mushrooms had

shown to be intimately related to their antioxidant capabil-

ity to scavenge free radicals.59–61 Indeed, this study

revealed that the daily administration of GLM had

Figure 12 Hepatoprotective effect of Ganoderma lucidum on expression of caspase-3 in rat livers. (1) Representative microscopic pictures of liver sections immunostained

using caspase-3 antibody showing negative staining in the control group (A and B) and GL group (C and D), while a strong positive staining as indicated by intense bright

brown color in group received cisplatin (E and F). GLM treatment triggers moderate positive staining in i.p group (G and H), mild positive staining in the EOD group (I and
J), and negative staining in the daily group (K and L). Black arrows point to positive staining. IHC counterstained with Mayer’s hematoxylin. X: 100 bar 100 (A, C, E, G, and I)
and X: 400 bar 50 (B, D, F, H, and J). (2) Statistical analysis of IHC staining intensity percentages in six experimental groups showing a significant increase in caspase-3 in CP

group when compared with control and GL groups, and the protective effect of GLM in different treated groups. Different small alphabetical letters means significant when

P< 0.05. aSignificant against control group; bsignificant against GL group; csignificant against CP group; dsignificant against i.p. group. (A) Ganoderic acid A binding with

HMGB-1 (2D- and 3D-binding modes). (B) Ganoderic acid B binding with HMGB-1 (2D- and 3D-binding modes). (C) Ganoderic acid C6 binding with HMGB-1 (2D- and 3D-

binding modes). (D) Ganoderic acid D binding with HMGB-1 (2D- and 3D-binding modes). (E) Ganoderic acid G binding with HMGB-1 (2D- and 3D-binding modes). (F)
Ganoderic acid J binding with HMGB-1 (2D- and 3D-binding modes).

Table 1 Qualitative Phytochemical Analysis of GLM Methanolic

Extract

Phytochemical Test of: Observation

1. Triterpenes and/or steroid +++

2. Glycosides +

3. Free and combined anthraquinones –

4. Flavonoids ++

5. Saponins –

6. Alkaloids and/or nitrogenous bases +

7. Tannins +

8. Carbohydrates and/or glycosides +++

Table 2 Total Polyphenol, Flavonoid Content of GLM

GLM Total Polyphenols

(mg GAE/g)

Total Flavonoids

(mg QE/g)

132.74 23.18
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a superior protective effect when compared to EOD or i.p

administration that may be due to less fluctuation of GLM

concentration in plasma.

In addition to the biochemical investigation, the histo-

pathological examinations confirmed that devastating events

of hepatocytes, which was induced by the injection of CP and

characterized by centrilobular areas of necrosis with vacuo-

lar, and hydropic degeneration in hepatocytes, showed

a significant improvement upon simultaneous treatment

with GLM, which give a strong evidence for its defensive

effect. Furthermore, this study confirmed a remarkable

attenuating effect of GLM in CP-induced hepatic fibrosis,

as indicated by fibrosis scoring. Noteworthy, our results

verified previous reports of anti-fibrotic effect of GLM in

models of liver fibrosis.56,62

In our study, CP-induced upregulation of the upstream as

well as the downstream inflammatory signaling, which is

confirmed by a significant increment of NF-κB, TNF-α and

reduction in IL-10. These results may be due to that TNF-α

intensifies the hepatic tissue inflammation via chemotaxis of

Table 3 The Binding Scores of the Different Ganoderic Acid Constituents with HMGB-1 (pdb Code: 2YRQ)

Compound Docking Score Compound Docking Score

1 B-Glucan −7.98425817 9 Ganoderic acid G −10.3643532

2 Ganoderic acid A −9.37235832 10 Ganoderic acid H −8.97834682

3 Ganoderic acid B −9.56570339 11 Ganoderic acid J −10.331851

4 Ganoderic acid C2 −7.70582342 12 Ganoderic acid Me −8.90137005

5 Ganoderic acid C6 −10.4215069 13 Ganoderic acid T −8.94572544

6 Ganoderic acid D −10.1844511 14 Ganoderic acid X −9.97838879

7 Ganoderic acid DM −8.48462868 15 Ganodermanontriol −9.91427517

8 Ganoderic acid F −7.79405689

Figure 13 (A–F) The binding between ganoderic acid with the highest scores with HMGB-1.
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immune cells and activation of other cytokines.63 Also, the

decline in IL-10 exacerbates hepatic lesion that downregulate

pro-inflammatory cytokine release.64 These findings were in

accordance with a previous study about tangeretins’ protec-

tive effect against cisplatin-induced acute hepatic injury in

rats.65 Our results also showed that GLM afforded

a significant protection against CP-induced inflammation

mainly through the reduction of the proinflammatory

NF-κB and TNF-α and upregulation of anti-inflammatory

IL-10. In this context, daily GLM administration had

shown to have a significant higher anti-inflammatory effect

than the EOD group or i.p injectionwhen compared to the CP

group. Notably, an important previous finding confirmed that

sTNF-α induces resistance to cisplatin chemotherapy in

malignant pleural mesothelioma, thus inhibition of TNF-α

activity reduces the chemo-resistance to cisplatin.66

Figure 14 Overlay of compounds 2 (red), 5 (blue) and 9 (yellow) in the binding site, HMGB-1 protein contains two similar DNA-binding domains; A-box and B-box, each

with three α helices that fold into an L or V-shaped structure containing a negatively charged acidic tail that interacts with specific residues within and between the HMG

boxes. HMGB-1: high-mobility group box-1.

Figure 15 Summary of effects of (500 mg/kg/day) GLM in cisplatin-induced hepatotoxicity in male Sprague-Dawley rats. GLM: Ganoderma lucidum mushroom
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Accordingly, Ganoderma lucidummight provide a sustained

chemotherapeutic response if it is added to cisplatin-based

therapy.

It is well known that HMGB-1 is a redox-sensitive pro-

tein considered as one of the several cellular molecules

involved in the crosstalk between apoptosis and

autophagy.67 Our study highlighted that the intense upregula-

tion of HMGB-1 was associated with TNF-α activation and

a sharp decline in IL-10. Besides, it plays an important role in

signaling pathways leading to tissue injury in the CP group.

This could be attributed to the extracellular HMGB-1 which

might act as both; a chemoattractant for leukocytes, and

a pro-inflammatory mediator leading to the release of TNF-

α, IL-1 and IL-6.68–70 Furthermore, the performed docking

simulation of 15 ganoderic acids in Ganoderma lucidum in

our study exhibited good fitting and binding within the pro-

tein under investigation through hydrogen bond formation

with conservative amino acids on the A box; mainly cysteine

30 (Cys30) and Histidine 34 (His34) that may interpret the

effect of Ganoderma lucidum on HMGB-1.

The current study also revealed that CP-induced apop-

totic cell death in hepatic tissue detected by upregulation of

p53 along with the reduction of Bcl-2 and were confirmed

by assessing the main apoptotic caspases; caspase-3 expres-

sion in rat hepatic tissues. Our findings were in accordance

with a study suggested that the decreased Bcl-2 immunoex-

pression in CP-treated rat hepatic tissues was accompanied

by caspase 3/7 upregulation.65 Moreover, apoptotic cells,

like necrotic cells could stimulate inflammation via the

HMGB-1 release. It works through Toll-like receptor 4

(TLR4) activating c-Jun N-terminal kinase (p38/pJNK)

and NF-κB, producing the pro-inflammatory cytokine

TNF-α.71 Our data would suggest that HMGB-1 protein

has a crucial role in triggering inflammatory responses

implicated in CP-induced acute hepatic injury through p53-

mediated mechanism and propose a relationship between

HMGB-1 release and the incidence of apoptosis. This sug-

gestion was aligned with those stated that the cell mediates

the activation of either survival or pro-apoptotic pathways,

including NF-kB, the tumor suppressor p53 and JNK in

response to CP treatment.72 Furthermore, our results

showed that GLM treatment elicited modulation of inflam-

matory cytokines and suppression of apoptosis in CP-

induced hepatotoxicity, which could be due to decreased

oxidative stress-mediated apoptosis. This cross-talk

between the inflammatory and apoptotic signaling is nor-

malized by administration of GLM in daily-, EOD- and the

i.p-treated groups. This study sheds lights for the first time

on the incorporation of HMGB-1/pJNK/NF-κB signaling

pathway in the protective mechanisms offered by GLM

against Cp-induced hepatic injury. Noteworthy, a recent

study demonstrated that GLM induced oxidative DNA

damage selectively in colorectal cancer cell lines, thus it

may reduce the effective curative dose of anticancer drugs.

However, it protected non-malignant cells from the accu-

mulation of reactive oxygen species.73 This probably

sounds promising as GLM does not oppose the anticancer

effect of the chemotherapy but it may sensitize cancer cells

instead.

Conclusion
The present study succeeded in providing structural and func-

tional evidences for the suppressing effect of GLM on

HMGB-1 using molecular modeling technique and linking

these docking results to the experimental findings. Our study

is the first to provide a suggestion that suppression of HMGB-

1/pJNK/NF-κB signaling pathway by GLM has a key role

against CP-induced hepatotoxicity in vivo. Our theoretical and

experimental results may ascertain that GLMmight modulate

hepatic injury through attenuation of oxidative stress and the

subsequent cross-talk between the inflammatory and oxidative

stress-mediated apoptosis cascades (Figure 15). Therefore, the

present study may open a new scenario for the clinical useful-

ness of adding GLM to chemotherapy-based treatment of

cancer patients, to enhance treatment efficacy and delaying

the adverse effects induced treatment discontinuation.
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