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Emodin induces liver injury by inhibiting the key
enzymes of FADH/NADPH transport in rat livery

Xiaowei Yang,? Yinhuan Zhang,” Yan Liu,? Chang Chen,? Wenjuan Xu® and
Hongbin Xiao (iDR

Emodin is a natural anthraquinone derivative that occurs in many Chinese medicinal herbs. It might
induce liver damage, but the mechanism is not clear. In this research, seven groups of Sprague-Dawley
(SD) rats with three doses of emodin were used. The liver injury was examined by analyzing biochemical
indexes and histopathology. Altered proteins between the control group (CG) and the liver injury group
were determined by proteomic technology. The results showed that emodin causes liver injury in a time-
and dose-dependent manner. In the high-dosage 1-week group (HG1), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was downregulated, and the activity of malate dehydrogenase (MDH) was inhib-
ited by emodin. These might cause the inhibition of FADH or NADH/NADPH transport from the cytoplasm
to mitochondria. The WB results showed that the inhibition of FADH/NADPH transport induced a high
activity of caspase-9 and caspase-3, and the expressions of cytochrome c (Cyt C), caspase-9 and
caspase-3 were high in HG1, which might lead to mitochondrial apoptosis pathway activation. In addition,
whatever the HG1 or low-dose group (LG), the effects of emodin on mitochondria were observed.
Overall, for the first time, we showed that emodin inhibited proton transport and induced the activation of
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Introduction

Evaluating the safety of traditional medicinal herbs and their
major active constituents is critical for the widespread usage
of these herbs. Rhubarb (Rheum palmatum) is one of the
oldest and best-known traditional Chinese medicines, which
was first recorded in the Chinese Classical Materia Medica.!
Emodin (3-methyl-1,6,8-trihydroxyanthraquninone) is one of
the main anthraquinones found in the root and rhizome of
Rhubarb, which is commonly used as a traditional medicinal
herb for the treatment of liver and kidney diseases in many
Asian countries.>® Although emodin at low doses improves
hepatic fibrosis,” some studies have reported contradictory
findings showing that emodin at high doses is hepatotoxic to
normal rats.” Emodin (30 pM) leads to apoptosis in a time-
dependent manner, as determined by morphological changes
in L-02 cells.® Emodin can also directly inhibit the activity of a
number of enzymes or act synergistically with other agents to
decrease the activity of CK2, PKC, and PI3K.”®* The US
National Toxicology Program showed that emodin exposure
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the mitochondrial apoptosis pathway, which might be the reason for liver injury.

resulted in increased incidences of nephropathy and hepato-
toxicity in mice.® Some researchers found that emodin pos-
sesses genotoxic and DNA-damaging properties by stabilizing
Topoll-DNA cleavage complexes and inhibiting ATP hydro-
lysis.'® However, the mechanism of emodin-induced liver inju-
ries remains to be elucidated, and the risk factors of hepato-
toxicity are not well defined. Studies investigating the effects of
the hepatotoxicity of emodin are necessary.

Proteins play an important role in a variety of cellular func-
tions, but oxidative damage reduces the function of critical
proteins.'* Traditional physiological and biochemical methods
cannot determine the molecular mechanisms underlying this
phenomenon. Proteomics approaches are being increasingly
applied in different areas on the premise that the identifi-
cation of specific changes in protein expression in response to
a particular challenge can elucidate the underlying molecular
pathways.'>* Recently, mass spectrometry-based proteomics
has been widely used to determine the modes of action and
mechanisms involved in drug- or chemical-induced
toxicity."> > Candidate biomarkers for the earlier detection of
geniposide-induced hepatotoxicity were identified using a
label-free quantitative proteomics approach on a geniposide
overdose-induced liver injury in a rat model.** In order to
understand the antioxidant mechanism induced by dietary
emodin in Megalobrama amblycephala liver, a comparative pro-
teomic analysis was performed to investigate the proteome
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alteration under emodin administration;** a proteomic study
using 2-D DIGE revealed that aloe-emodin affected multiple
proteins associated with oxidative stress, cell cycle arrest, anti-
metastasis, and hepatitis C virus replication.>®

Due to the superior comprehensiveness of proteomics and
its powerful quantitative approach, the new field of toxic pro-
teomics offers a unique opportunity to probe the mechanism
of hepatotoxicity at an early stage.>* ! In this work, we applied
a label-free quantitative proteomics approach to emodin-
induced liver injury in a rat model to investigate the mecha-
nism of emodin-induced hepatotoxicity.

Materials and methods

Chemicals and reagents

Emodin, with over 98% purity (by HPLC), was obtained from
Zelong Biochemical Science and Technology Co., Ltd (Nanjing,
China). The cell and tissue lysis buffer was obtained from
Beyotime (Shanghai, China). The cocktail protease inhibitor
was obtained from Roche (Mannheim, Germany). Formic acid
(FA) was purchased from Acros (Morris plains, NJ, USA). HPLC-
grade acetonitrile (ACN) and methanol were obtained from
Thermo Fisher Scientific (MA, USA). N,N-Bis-methyl-
eneacrylamide, sodium dodecyl sulfate (SDS), ethylene diami-
netetraacetic acid (EDTA), tris(hydroxymethyl) aminomethane,
and TEMED were obtained from Sigma-Aldrich Co. (Beijing,
China). All the other chemicals were analytical grade. The de-
ionized water (R > 18.2 MQ) used for all the experiments was
purified by using a Millipore purification system (MA, USA).

Animal study

Forty-eight male Sprague-Dawley (SD) rats (Vital River
Laboratories, Beijing, China), 9 weeks of age, were adminis-
tered a high-dose of emodin (1500 mg kg™* daily, 100 times
the clinical equivalent of rhubarb), a medium-dose of emodin
(500 mg kg™' daily, 33 times the clinical equivalent of
rhubarb), a low-dose of emodin (150 mg kg™" daily, 10 times
the clinical equivalent of rhubarb) or saline (control) for four
consecutive weeks. Every dose was divided into four groups:
the control group (CG), the low-dosage group (LG), the
medium-dosage group (MG), and the high-dosage group (HG).
In addition, in order to track liver injury caused by a high dose
of emodin, the high-dose group was further divided into four
groups: the high-dose 1-week group (HG1), the high-dose
2-week group (HG2), the high-dose 3-week group (HG3), and
the high-dose 4-week group (HG4), and each HG was adminis-
tered for one week, two weeks, three weeks and four weeks,
separately. And then all the rats were sacrificed, and the
plasma samples were collected and frozen at —80 °C for the
analysis. The liver tissues were harvested after washing out the
blood by perfusion with saline and frozen at —80 °C. Alanine
transaminase (ALT) and aspartate transaminase (AST) levels in
the plasma were determined by an enzymatic assay (TBA-40FR,
Toshiba, Japan). All the animal experiments were approved by
the Committee on Animal Care and Use of Institute of Chinese
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Materia Medica, China Academy of Chinese Medical Sciences.
And the study complied with all institutional and national
guidelines, as per the Chinese Association for Laboratory
Animal Sciences: Ethical Conduct for Research Involving
Animals (CALAS 2017), the protocol was approved by Animal
Ethical and Welfare Committee of CACMS.

Histopathology

The liver samples were stained with hematoxylin and eosin
(H&E). After fixation, the livers were embedded in paraffin and
sectioned at 5 pm intervals. The tissue sections were de-
hydrated in serial ethanol and repeatedly washed with decreas-
ing concentrations of ethanol prior to eosin staining. The
samples were mounted, and their morphologies were exam-
ined by pathologists and imaged via microscopy (DMI6000 B
microscope, Leica, Wetzlar, Germany).

Residues of emodin in the liver

For the residues of emodin in the liver analysis, the rat livers
were homogenized in the cell and tissue lysis buffer containing
a cocktail protease inhibitor (Sceintz-48, Sceintz, Ningbo,
China). Then, the mixtures were centrifuged at 10 000g, 4 °C
for 15 min to separate the insoluble material. Methanol was
mixed with the centrifugal supernatant and centrifuged at
10 000g, 4 °C for 15 min in order to wipe off proteins that were
dissolved in the centrifugal supernatant. The retentates
were concentrated until the volume was less than 1 mL. And
then these samples were separated by a 13 min gradient
elution at a flow rate of 1 mL min~" with an Agilent1260 HPLC
system. The analytical column was an Agilent Poroshell 120
EC-C18 (50 mm x 4.6 mm, 5 pm). Mobile phase A consisted of
methanol, and mobile phase B consisted of water with 0.1%
formic acid. The elution gradient was 0-1.5 min 10% A and
90% B, 1.5-1.6 min 30% A and 70% B, 1.6-4 min 70% A and
30% B, 4-8 min 80% A and 20% B, and 8-13 min 95% A and
5% B.

Protein preparation and proteomics analysis

The rat livers were homogenized in the cell and tissue lysis
buffer containing the cocktail protease inhibitor (Sceintz-48,
Ningbo, China). The mixtures were centrifuged at 8000g, 4 °C
for 15 min to separate the insoluble material. Cold acetone
(4 °C) was mixed with the supernatant and centrifuged at
10 000g, 4 °C for 20 min in order to precipitate the protein and
the supernatant was discarded. Then, 8 M urea was added into
the sediment to dissolve the sediment. Equal amounts of the
proteins from the different group samples (approximately
30 pg) were separated by SDS-PAGE. The gel bands of interest
were excised from the gel, reduced with 25 mM dithiotreitol,
and alkylated with 55 mM iodoacetamide. In-gel digestion was
then carried out with sequencing-grade modified trypsin in
50 mM ammonium bicarbonate at 37 °C overnight. The pep-
tides were extracted twice with 0.1% trifluoroacetic acid in a
50% acetonitrile aqueous solution for 30 min. The extracts
were then centrifuged in a speed vac to reduce the volume.
The tryptic peptides were redissolved in 20 pL of 0.1% FA
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(formic acid). Equal amounts of proteins from the rat livers
were combined and analyzed by LC-MS/MS.

For the LC-MS/MS analysis, the peptides were separated by
a 60 min gradient elution at a flow rate of 0.250 pL min~" with
a Thermo-Dionex Ultimate 3000 HPLC system, which was
directly interfaced with a Thermo LTQ-Orbitrap Velospro mass
spectrometer. The analytical column was a homemade fused
silica capillary column (75 pm ID, 150 mm length; Upchurch,
Oak Harbor, WA) packed with C-18 resin (300 A, 5 pm; Varian,
Lexington, MA). Mobile phase A consisted of 0.1% formic acid,
and mobile phase B consisted of 100% acetonitrile and 0.1%
formic acid. An LTQ-Orbitrap mass spectrometer was operated
in the data-dependent acquisition mode using Xcalibur 2.0.7
software, and there is a single full-scan mass spectrum in the
Orbitrap (400-1800m/z, 30 000 resolution) followed by 20 data-
dependent MS/MS scans in an ion trap at 35% normalized col-
lision energy (CID).

The MS/MS spectra from each LC-MS/MS run were searched
against the Rattus norvegicus database using the Proteome
Discoverer (Version 1.4) searching algorithm. The search cri-
teria were as follows: full tryptic specificity was required; two
missed cleavages were allowed; carbamidomethylation was set
as fixed modification; oxidation (M) was set as variable modifi-
cation; the precursor ion mass tolerance was 10 ppm for all
the MS acquired in the Orbitrap mass analyzer; and the frag-
ment ion mass tolerance was 0.8 Da for all the MS2 spectra
acquired in the LTQ. A high confidence score filter (FDR < 1%)
was used to select the “hit” peptides, and their corresponding
MS/MS spectra were manually inspected.

Western blotting

The rat livers were homogenized in the cell and tissue lysis
buffer containing the cocktail protease inhibitor (Sceintz-48,
Ningbo, China). The mixture was centrifuged at 8000g, 4 °C for
15 min to separate the insoluble material. Equal amounts of
the proteins were separated on a 12% SDS-PAGE gel, and the
proteins were transferred to a PVDF transfer membrane. The
western blot analysis followed a standard procedure. Heat
shock protein 70 (HSP 70) antibodies were obtained from
Abcom (Cambridge, UK), and GADPH and f-actin were
obtained from Bioss (Beijing, China). The HRP-labeled goat
anti-mouse IgG antibody was obtained from Beyotime
(Shanghai, China).

Detection of caspase-3 and caspase-9 activities

The activities of caspase-3 and caspase-9 were detected by
caspase-3 and caspase-9 activity assay kits (Beyotime institute
of biotechnology, Shanghai, China), operated according to the
manufacturer’s instructions. The absorption values were
recorded at 405 nm by using a microplate reader (Infinite 200
PRO Nano Quant, Tecan, Swiss).

Detection of the activities of succinate dehydrogenase (SDH)
and MDH

The liver samples were homogenized in the cell and tissue
lysis buffer containing the cocktail protease inhibitor (Sceintz-48,
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Ningbo, China). The mixtures were centrifuged at 8000g, 4 °C for
15 min to separate the insoluble material and stored at —80 °C
for later use. Equal amounts of the samples were used to detect
the activities of SDH and MDH using an enzymatic determi-
nation kit (Nanjing Jiancheng).

Statistical analysis

The statistical analysis was carried out with GraphPad Prism
6.0 software using two-sided unpaired ¢-tests. P values of <0.05
were considered significant.

Results and discussion
Emodin-induced liver injury in a rat model

Various in vitro activities of emodin, such as antioxida-
tion,>**® anti-inflammatory,>** anti-angiogenesis***” and
apoptosis inducing,*®** have been reported, but the effects
of emodin remained an unanswered question for the lack of
understanding of the metabolism and pharmacokinetics of
emodin in vivo. To understand whether emodin is safe, a
series of experiments were designed. To study the change in
liver-specific proteins in the liver, rats were orally adminis-
tered with different doses of emodin for four consecutive
weeks. As shown in Fig. 1A, the histological staining of the
liver tissue sections revealed that as the dose of emodin
increased, the liver tissue damage increased gradually, and it
occurred in a time- and dose-dependent manner. There was
slight inflammation in the LG (Fig. 1A and b), and compared
with the LG, the inflammation in the MG was more serious
(Fig. 1A and c). There was liver damage in the HG (Fig. 1A,
d1, d2, d3, and d4), and as the time went on from one week
to four weeks, the liver damage became serious gradually,
from inflammation to fat vacuoles, except for HG2. The blood
ALT and AST levels showed the same changes (Fig. 1B). These
results suggested that emodin has the possibility to induce
liver injury in rats.

Residues of emodin in the liver

To understand whether emodin could induce liver injury, the
residues of emodin in the liver were detected by HPLC. The
result showed that after 24 h of fasting, there was still emodin
in livers (Fig. 2A), especially in the HG. In the HG1, there was
2.52 + 0.32 pg g " tissue of emodin in the rat livers (Fig. 2B),
and the residues of emodin also had a dose-dependent
relationship. These findings suggested that emodin in the liver
requires a longer time to be eliminated, and emodin has
potential hepatotoxicity. Moreover, in the HG2, there was a
certain degree of recovery of the liver damage caused by the
body stress response, which might be caused by the protein
changes in the HG1. Therefore, this paper focused on the vari-
ation in the protein levels of the high dose oral administered
emodin in one week to elucidate the mechanism of liver injury
induced by emodin.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7tx00307b

Published on 14 May 2018. Downloaded by RSC Internal on 8/30/2018 2:14:19 PM.

Toxicology Research

View Article Online

Paper

*%

%
%

0 T T T T T T T
CG LG MG HG1 HG2 HG3 HG4

ALT

B

1204

0 I

T T T T T
cG LG MG HG1 HG2 HG3 HG4
AST

Fig. 1 Metabolic changes of different doses of emodin in the rat liver. A, Histological confirmation of the liver. Sections of the liver tissues were
stained with hematoxylin—eosin and were examined by pathologists. a, control group; b, low dose group; ¢, middle dose group; d1, high dose in
1-week group; d2, high dose in 2-week group; d3, high dose in 3-week group; d4, high dose in 4-week group. B, Blood ALT and AST levels. The
results are plotted as the mean + standard error (n = 3). Comparisons with the CG, LG, MG, HG1, HG2, HG3 and HG4 were performed, and the
results were analyzed by a one-way analysis of variance. * for P value <0.05, **for P value <0.01.

Identification of the differentially expressed proteins between
the control and emodin rat livers

To investigate the mechanism of liver injury caused by emodin
at the protein level, a proteomic analysis was carried out on
the CG and the HG1. Equal amounts of the proteins from the
CG and the HG1 were loaded and separated by SDS-PAGE. The
differentially expressed proteins were identified and quantified
using label-free methods. The experiments were repeated three
times, and 1900 proteins were identified for each sample.
Based on the ¢-test, 97 proteins were differentially expressed

This journal is © The Royal Society of Chemistry 2018

between the CG and the HG1, of which 70 proteins were sig-
nificantly upregulated (p value <0.05) and 27 proteins were sig-
nificantly downregulated (p value <0.05) (Tables S1 and S27).
To understand the biological relevance of the differential
proteins, Gene Ontology (GO) was used to categorize the pro-
teins according to their molecular functions and biological
processes. The annotations of the gene lists are summarized
via a pie chart using the PANTHER bioinformatics platform
(http://www.pantherdb.org/) as shown in Fig. 3. Ninety-seven
proteins were classified into several significant groups of bio-
logical processes, including metabolic processes, cellular pro-

Toxicol. Res., 2018, 7, 888-896 | 891
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Fig. 2 The emodin residues in the rat liver by HPLC. A. The emodin resi-
dues in the rat liver in the LG, MG, HG1, HG2, HG3 and HG4. B. The
emodin residues in the rat liver of the HG1 by HPLC.
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cesses, cellular compartment organization, and the immune
system.

In the upregulated proteins, 7 proteins were upregulated 20
times (Table S37), which were extremely related to emodin
metabolism. In addition, among the 27 downregulated pro-
teins, 19 proteins were associated with the metabolic process,
which was the dominant difference between the HG1 and the
CG. We also found that 6 electron transfer proteins were down-
regulated in the emodin rat livers, in which 4 proteins were
GAPDH related proteins (Table S4t), suggesting that the trans-
port of FADH from the cytoplasm to mitochondria was
decreased in the rat liver of the HG1. Additionally, among the
upregulated proteins, 8 proteins are associated with the oxi-
dation-reduction process (Table S5f), which suggested that
the cells in rat livers were obliterating the emodin; 4 proteins
were heat shock protein (HSP) family proteins (Table S67).
HSP70 proteins protect cells against oxidative damage, which
is either due to necrosis or apoptosis,” and HSP70 proteins
are also potent regulators of inflammation because of their
ability to prevent the activation of the NF-xB pathway.**
Therefore, we speculate that the highly expressed HSP70 pro-
teins caused the residue of emodin to present a significant
decline in the HG2.

To further understand the relationship between the differ-
entially expressed proteins, a network of these proteins was
investigated by STRING (https://string-db.org/), and the results
were consistent with the GO results. Most of the differentially
expressed proteins were related to metabolic processes (Fig. 4).
The expression of SULT 1A1 was increased 70-fold, which is
one of the important enzymes involved the phase II metab-
olism in the liver, SULT 1A1 could make the small molecules

response to stimulus 8.0%
biological regulation 4.0%

cellular process 16.0%

B

Fig. 3 Proteomic analysis of differentially expressed proteins in HG1. A, GO analysis of the upregulated proteins in HG1. B, GO analysis of the down-

regulated proteins in the HG1.
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In the network, each node represents a protein; the nodes in red and
blue represent the up and downregulated proteins, respectively.

s [dce
¢G HGl

E| HSP70
=] oo
El SULTIAL |

p-actin o

relative abundances (X 10%)

Hsp70 GAPDH SULTIAL actin

A B

Fig. 5 Confirmation of the differentially expressed proteins by western
blotting. A. Differentially expressed proteins by western blotting; B. the
relative abundances of the proteins. * for P value <0.05, ** for P value
<0.01.

5
I
4
-
s I
&
&0
E 3]
=]
Z.
=
<
]
o
2z 14
3 ;* o
) l ’_l_‘
-1 T T T
G CGHE HG1

View Article Online

Paper

or drugs be removed in time by increasing their water solubi-
lity,”> and it might be the important metabolic enzyme of
emodin. The results were further confirmed by western blot
analysis (Fig. 5).

Detection of MDH and SDH activity

There are two shuttle mechanisms in the cell: transport of
FADH or NADPH from the cytoplasm to mitochondria separ-
ately, GAPDH and MDH are the key enzymes of the two shuttle
mechanism.>****®%” The inhibition of these enzymes could
affect the function of mitochondria. And in proteomic ana-
lysis, emodin inhibited the expression of GAPDH, to inspect
whether emodin affects the shuttle of FADH/NADPH, and the
malate dehydrogenase (MDH) and succinate dehydrogenase
(SDH) activity in the liver tissue was detected using enzyme
activity test kits.>**° The results showed that emodin in the
HG1 had a significant inhibitory effect on the activity of MDH,
but there was no significant change in SDH compared with the
CG (Fig. 6). To further prove that emodin had a inhibitory
effect on MDH, the tissue samples of the CG were added to
emodin, according to the residual amount of emodin in the
HG1, and the MDH activity was detected in the CG again,
which indicated that emodin inhibited the activity of MDH.

Emodin-induced apoptosis via the caspase family

Mitochondria are important organelles in cells, which are in
charge of supplying the energy to cells. Cells can convert nutri-
ents into usable substances in the cytoplasm; one of them is
FADH/NADPH, which could provide protons to mitochondria.
If the enzymes of FADH/NADPH transport are inhibited, the
function of mitochondria might be affected, the expression of
cytochrome ¢ (Cyt C) might be increased in mitochondria,
inducing the mitochondrial apoptosis.’*™* To verify whether
the inhibitory effect of emodin on FADH or NADH/NADPH
transport induced apoptosis, the contents and the activities of
Cyt C, caspase-9, caspase-3 and caspase-6 in the CG and HG1
were examined by WB and the enzyme activity detection kit
(Fig. 7A-C and 8). The results showed that, although the
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Fig. 6 Inhibitory effect of emodin on the enzyme activity of MDH. A, Comparison of the MDH activity in the liver tissue between the HG1 (h1, h2,
h3) and the CG (c1, c2, c3). c13, c23 and c33 are that 3 pg g~* tissue of emodin was added to the CG, which amounts to the amount of residual liver
tissue in the emodin group of the HG1. B, Changes of the SDH activity between the HG1 (h1, h2, h3) and the CG (c1, c2, c3). ** for P value <0.01.
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caspase-9 in the CG and HGl1. C. The content of caspase-3 and
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Fig. 8 Caspase-3 and caspase-9 activity in CG and HG1. The data of
treatments were calibrated with the control values, values were all
expressed as means + SD (n > 3), similar results were obtained. **P <
0.01 versus CG.

caspase-6 changes between CG and HG1 were not obvious, the
expression of Cyt C was increased. The expression and activi-
ties of caspase-9 and caspase-3 were both increased in the
HG1, which suggested that the liver damage was caused by the
mitochondrial apoptotic pathway.>"*#~>°

To shed light on whether emodin causes mitochondrial

damage in the LG, the levels of Cyt C, caspase-9, caspase-3 and
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caspase-6 were also determined in the rat liver by WB, and the
results showed that when it was administered for 1 week, the
levels of Cyt C and caspase-3, 6, and 9 were not significantly
different compared to the CG (data not shown), but in
4 weeks, the content of Cyt C had a high expression, and
caspase-9 showed no difference compared with the CG
(Fig. 7D). Therefore, it did not matter if it was a high or low
dose, emodin showed potential hepatotoxicity.

Conclusion

In this study, we aimed to investigate the mechanism of liver
injury by emodin at the protein level. The excessive emodin
accumulated in the liver cells, which inhibited FADH or
NADH/NADPH transport, leading to mitochondrial apoptosis
pathway activation. Moreover, it did not matter if the dose was
high or low, emodin also affected the function of the mito-
chondria, this might be the reason for liver injury induced by
emodin.
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