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Abstract

Evodia rutaecarpa (E.R.) is a commonly used Chinese herbal medicine. However, it exerts certain
hepatotoxicity and the underlying molecular mechanism has not been clarified. In this study, we
investigated the molecular mechanism involved in hepatotoxicity induced by E.R. Mice were treated
with E.R. water- and ethanol-extract at dosage equivalent to 16.67 g crude-drug/kg body weight by
intragastric administration once a day on 30 consecutive days. The effect of E.R. extract on liver,
manifested by histopathologic effects, liver index, and blood biochemical indexes were tested. In
addition, interleukin (IL)-1p, IL-6, IL-8, and tumor necrosis factor (TNF)-«a in liver tissue were
measured. The signaling transduction molecules were determined by antibody microarray assay,
and verified by western blot. E.R. extract, either water- or ethanol-extract, can induce liver dys-
function. Signaling molecules, Erk1/2, Src, CDK8 and CK1e, were involved in this process. E.R. ex-
tract can induce Ckle expression and phosphorylation of Erk1/2 and CDKS8, and inhibit Src phos-
phorylation. Inflammatory cytokines in liver tissue, IL-1p, IL-6, IL-8, and TNF-a were markedly in-
creased upon the treatment of E.R. extract. In conclusion, E.R.-induced hepatotoxicity was due to
the expression of inflammatory cytokine, which was mediated through Erk1/2, Src, CDK8 and CK1e.
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1. Introduction

Evodia rutaecarpa (E.R.), first recorded in the ancient medicine book of “Shen Nong’s Herbal” with functions
of smoothing liver and analgesia, is the dry mature fruit harvested from perfume plants, such as E.R. (Juss)
Benth. E.R. is a commonly used Chinese herbal medicine and exerts many beneficial effects, such as analgesia
through either inhibition of COX2 or desensitizing sensory nerves [ 1] [2] and cardiovascular and gastrointestinal
protection through either activation of cholecystokinin 1 receptor or transient receptor potential channel vanillo-
id type 1 [3] [4].

E.R. exerts various pharmaceutical actions and has been widely used both in clinical practices and in food in-
dustry as a dietary supplement. However, toxicity of E.R., especially hepatotoxicity, has been found recently [5]
[6]. Recently, we also found that either water- or ethanol-extracts of E.R. could increase the liver index, serum
total cholesterol and glutamic-pyruvic transaminase in rats in a dose-dependent manner. The molecular mechan-
ism involved in the E.R.-induced hepatotoxicity has not been clarified yet.

High-throughput proteomics technology has been widely employed to determine biomarkers, including cellu-
lar signaling molecules and specific proteins associated with hepatotoxicity [7] [8]. Antibody array, reverse-
phase protein array and peptide assays are most commonly used, and can efficiently determine information
about protein-protein interactions, and biomarkers [9]-[11]. Cho and colleagues have successfully identified 10
targeted proteins among 325 distinct proteins potentially related to cisplatin-induced hepatotoxicity by an infor-
matics-assisted label-free protein quantitation together with microarray gene expression approach [12]. Through
proteomic and transcriptomic analysis, 8 targeted proteins (FASN, CYP2D1, UG2TB, ALDH1A1, GSTA2,
HSP90, FABP4, and ABCB11) among 607 differentially expressed proteins were identified as important bio-
markers associated with hepatotoxicity induced by simvastatin [13]. Hu’s research team has confirmed 15 liver-
specific blood protein markers for acetaminophen-induced hepatotoxicity by antibody microarray [14].

In the present study, hepatotoxicity upon the treatment of mice with water- and ethanol-extracts of E.R. was
determined. Potential cellular signaling molecules involved in E.R.-induced hepatotoxicity were investigated
through antibody microarray assay, and further verified by western blotting. Some inflammatory cytokines in
the liver tissue, such as interleukin (IL)-15, IL-6, IL-8, and tumor necrosis factor (TNF)-a, were measured to
determine whether or not these factors were involved in the E.R.-induced hepatotoxicity.

2. Materials and Methods
2.1. Evodia rutaecarpa

E.R., locally named Wu Zhu Yu, was collected in Hong Miao Cun, Nanchuan, Chongqing, China (GPS:
29.330149°N, 106.925874°E). The plant name has been checked with www.theplantlist.org mentioning the data
of accessing that website. E.R. extract was prepared according to 2010 version Chinese Pharmacopeia. Briefly,
70% ethanol or water (10-time weight of E.R.) was used for the first round 90-min extraction. 70% ethanol or
water (8-time weight of E.R.) was used for the second round 60-min extraction. After filtration, the extract was
condensed by evaporating. The extract is thick ointment, and 1 g water-extract and ethanol-extract is equivalent
to 2.32 g and 3.05 g crude-drug, respectively.

2.2. Animals

Forty-two Kun-Ming mice (20 + 3.3 g, body weight) were purchased from Experimental Animal Center of Si-
chuan Academy of Chinese Medicine Sciences. On the day of experiment, animals were randomly divided into
three groups, with 14 mice in each group. Mice were administered either water- or ethanol-extract of E.R. at a
dosage equivalent to 16.67 g crude-drug/kg body weight as determined by our previous study, by intragastric (ig)
administration once a day on 30 consecutive days. Mice in the control group were treated by physiological sa-
line. After the last administration, mice were weighed and then anesthetized with 1% pentobarbital sodium (0.5
ml/100g body weight, intraperitoneal injection) after fasting 12 hours, and then sacrificed by decapitation. The
mouse livers and the blood samples were collected for further experiments. The research was undertaken as re-
quired by the Animal Ethics Committee of Sichuan Academy of Chinese Medicine Sciences (Chengdu, China),
and was conducted in accordance with the internationally accepted principles for laboratory animal use and care
as found in the US guidelines (NIH publication #85-23, revised in 1985).
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2.3. Haematoxylin-Eosin Staining (H-E) and Transmission Electron Microscope (TEM)

4 mice in each group were sacrificed as described above and their livers were taken out and cut into about 4-mm
thickness pieces and fixed with a buffered 4% paraformaldehyde solution. Regular H-E staining was performed
for liver morphological observation. For the TEM detection, mouse liver was fixed in 4% paraformaldehyde so-
lution and then fixed in 1% osmium tetroxide, followed by gradually dehydrating using acetone solution. Em-
bedded in the Epon812, the sample was cut into about 60-nm thickness slices, double stained with uranium ace-
tate and plumbum citrate and observed with H-600 TEM (HITACH, Japan).

2.4. Preparation of Total Protein Extract

4 mice in each group were sacrificed as described above, and then their livers were taken out and washed twice
with ice-cold NaCl/Pi. Livers were cut into pieces and washed twice again, and then homogenized with 1 mL
ice-cold tissue lysis buffer [20 mM MOPS, pH 7.0, 100 mM NacCl, 10 mM sodium pyrophosphate, 5 mM EDTA,
2 mM EGTA, 50 mM NaF, 1 mM sodium vandate, 0.1% (w/v) SDS, 10% (w/v) glycerol, 1% (v/v) Triton X-100,
1% (w/v) sodium deoxycholate] containing protease inhibitors (Halt Protease Inhibitor Cocktail Kit; Pierce Bio-
technology, Rockford, IL, USA). Homogenates were sonicated four times for 10 seconds each time with 10 - 15
second intervals on ice and followed by centrifugation at 16,000 g for 20 min at 4°C and the supernatants were
collected for further assay. Protein abundance was determined using the BCA protein assay kit (Pierce Biotech-
nology, Inc., Rockford, IL, USA).

2.5. Antibody Chip Analysis

Cell signaling molecules potentially involved in hepatotoxicity induced by E.R. were investigated using the
KAM-850 Antibody Microarray (Kinexus Bioinformatics Corporation, Vancouver, B.C. Canada V6P 6T3) ac-
cording to the manufacturer’s instructions. Briefly, protein samples containing 100 pg from the control and the
water-extract group were first chemically digested, and then labeled and purified using the dying and purifica-
tion kit supplied in the Antibody Microarray Kit. A KAM-850 Antibody Microarray chip was blocked for 1 hour
in the blocking buffer, followed by incubation with pretreated protein samples for 2 hours in the incubation buf-
fer. The antibody chip was screened at 540 nm by VersArray ChipReader (Bio-Rad Laboratories, Inc. Hercules,
CA 94547, USA). Data were analyzed through the Ingenuity Pathway Analysis (IPA) software (Ingenuity sys-
tem Inc. QIAGEN Redwood City, CA 94063, USA).

2.6. Western Blot Detection

Following protein quantification, 30 pg of each protein sample was electrophoresed on a 10% sodium dodecyl
sulphate-polyacrylamide gel, transferred to a nitrocellulose membrane (Pall Corporation, East Hill, NY, USA),
immunoblotted with antibodies against phospho-Erk1/2, phospho-Src, phospho-Cdk8 and Ckle (Cell Signaling
Tech., Beverly, MA, USA), and Erk1/2, Src, Cdk8 and S-actin (Santa Cruz Biotech. CA, USA) according to the
supplier’s protocol, and visualized with peroxidase and an enhanced-chemiluminescence system (ECL kit, Pierce
Biotechnology, Inc.).

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

4 mice in each group were sacrificed and their liver tissue homogenates were obtained. The content of interleu-
kin (IL)-1p, IL-6, IL-8 and tumor necrosis factor (TNF)-o was measured in liver tissue homogenates using spe-
cific ELISA kits according to the manufacturers’ instructions (IL-1f and TNF-a: Pierce Biotechnology, Inc.,
Rockford, IL, USA.; IL-6 and IL-8: Cusabio Co., Wuhan, CHINA;).

2.8. Statistic Analysis

All data are expressed as the mean = S.E.M. The statistical significance of differences between two groups was
determined by Student’s t-test. For 3-group comparisons, data were analyzed by one-way ANOVA followed by
Dunnett’s test. A p-value < 0.05 was considered statistically significant.
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3. Results
3.1. E.R. Extract Induces Hepatotoxicity

The liver index was significantly increased in the E.R. water-extract and ethanol-extract groups compared with
the control group (liver index 6.86 + 0.47 in the water-extract group, 6.68 + 0.62 in the ethanol-extract group
versus 5.22 + 0.51 in the control group, p < 0.01, n = 12, respectively, Table 1). Further, the serum parameters
related to liver function, alanine aminotransferase (ALT), aspartate transaminase (AST), triglyceride (TG), total
cholesterol (TC) and glucose (GLU) were measured. The level of both ALT and TG in serum were strongly in-
creased in the E.R. water- and ethanol-extract group compared with that in the control group (ALT 148.42 +
37.87 IU/L in the water- and 150.69 + 97.15 IU/L in the ethanol-extract group versus 47.85 £ 24.10 IU/L in the
control group, p < 0.01, respectively; TG 2.61 £ 0.58 in the water- and 2.57 + 0.75 in the ethanol-extract group
versus 1.83 + 0.87 in the control group, p < 0.05, respectively, n = 12, as shown in Table 2).

In addition, H-E staining was performed to observe the pathomorphological changes, as shown in Figure 1. In
the control group, the liver tissues are intact and hepatocytes are eumorphism. In contrast, in the E.R. water- or
ethanol-extract group, hepatocytes exhibit swelling and degeneration, and the infiltration of inflammatory cells
was observed. In addition, under TEM observation, we found that there were some swelling mitochondria and
lipid droplets in the cytoplasm in the E.R. treated groups.

Taking together, these data indicate that either the water- or the ethanol-extracts of E.R. can induce hepato-
toxicity in mice.

3.2. Signaling Molecules Involved in E.R.-Induced Hepatotoxicity

The signaling molecules involved in E.R.-induced hepatotoxicity were investigated through the antibody micro-
array chip, as shown in Figure 2(a). Totally, 854 molecules were detected by the antibody microarray assay.
According to the criteria of Kinexus Bioinformatics Corporation, significantly-changed molecules must meet the
following four conditions concurrently: 1) Z-ratio > +1.0; 2) % Error Range < 50; 3) Globally Normalized Me-
dian Value > 618; 4) Flags = 0.0. In addition, proteins were screened for potential involvement in hepatotoxicity
using Ingenuity Pathway Analysis. Proteins that were significantly-changed and also listed in the “Increase Liv-
er Damage Report” of the Ingenuity “Tox List Report” are shown in Figure 2(b). To our knowledge, 4 signaling
pathways, i.e. the TGF-f/Smad, Wnt/f-catenin, mTOR and NFx-B pathways, have been most commonly re-
ported to be involved in Chinese Medicine-related hepatotoxicity. So, the array results were examined for key
signaling molecules in these pathways , as shown in Table 3, and 4 signaling molecules, Erk1/2, Src, CDK8 and
CKle, were identified as molecules potentially involved in E.R.-induced hepatotoxicity.

3.3. Verification of Antibody Microarray Data by Western Blot Assay

Western blot assay was used to verify the signaling molecules selected from the antibody microarray chip, as

Table 1. The effect of Evodia rutaecarpa extract on liver index in mice.

Body weight (g) Liver weight (g) Liver index (g/100g body weight)
Control 3429+ 4.61 1.78 £ 0.23 5.22+0.51
Water-extract 32.62+3.89 2.24+0.33" 6.86+0.47"
Ethanol-extract 31.85+3.28 2.14+0.39" 6.68 +0.62"

All values represent the mean = S.E.M. (n = 12). “p < 0.01 compared with control.

Table 2. Evodia rutaecarpa induces hepatotoxicity in mice.

Group ALT (IU/L) AST (IU/L) TG (mmol/L) TC mmol/L) GLU (mmol/L)

Control 47.85+24.10 156.38 + 89.62 1.83+0.87 2.73+0.35 6.31+1.64
Water-extract 148.42 +37.87" 183.92 +77.79 2.61 £0.58" 2.59 +0.64 6.97+1.96
Ethanol-extract 150.69 + 97.15" 179.38 + 70.56 2.57+0.75" 2.80+0.66 6.23+1.74

All values represent the mean + S.E.M. (n = 12). p < 0.05 and "p < 0.01 compared with control.
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Table 3. Signaling molecules involved in Evodia rutaecarpa-induced hepatotoxicity.

Targ'et Globa.]ly Error Globally Error range
protein Flag-control normalized range Flag-treatment normalized-treatment treatment
name control control (%) (%)
PKCb2 0.0 817 69.56 0.0 1512 25.34
Erk1/2 0.0 5400 20.45 0.0 12971 0.75
INK1/2/3 0.0 733 21.66 0.0 1319 63.20
INK2 0.0 848 4891 0.0 1512 54.17
S6Kbl 0.0 3540 70.09 0.0 5970 66.79
PAK2 0.0 2602 51.27 0.0 1178 67.24
GSK3p 0.0 781 38.41 0.0 1257 33.24
Sre 0.0 1686 46.51 0.0 737 47.80
CDKS8 0.0 4675 34.94 0.0 905 9.00
CKle 0.0 22363 15.41 0.0 11556 24.51
AMPKb1 0.0 777 68.70 0.0 434 35.17
PTEN 0.0 3849 4.71 0.0 5898 10.27
NF«B p50 0.0 1386 50.82 0.0 2722 0.13
NF«xB p65 0.0 3718 36.42 0.0 10879 94.73
IKKb 0.0 609 83.04 0.0 951 62.20
PKA Cb 0.0 431 6.80 0.0 911 10.21

Z-ratio
(treatment,
control)

123
1.75
1.17
1.16
1.05
-1.52
0.96
-1.60
-3.19*
-1.26"
-1.12
0.87
135
2.13
0.90
1.49

Concurrently meet these criteria, Z-ratio > £1.0, % Error Range < 50, Globally Normalized Median Value > 618, Flags = 0.0.
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Figure 1. Evodia rutaecarpa-induced hepatotoxicity. Representative image of histological assay of liver tissues taken from
mice subjected to either physiological saline (control) or intragastric administration of Evodia rutaecarpa extract (water- or
ethanol-extract) once a day on 30 consecutive days at a dose equivalent to 16.67 g crude-drug/kg body weight (n = 12 per
group). Liver tissue sections were stained with haematoxylin and eosin, observed using Leica Microscope. Swelling and de-
generated hepatocytes and the infiltration of inflammatory cells were observed. Magnification: 20x. Under TEM detection,
swelling mitochondria and lipid droplets in the cytoplasm observed in the Evodia rutaecarpa extract groups. Magnification:

10,000%.

shown in Figure 3. Either water- or ethanol-extract of E.R. markedly increased the Erk1/2 and CDKS8 phospho-
rylation, as well as the protein expression of Ckle, but significantly inhibited the Src phosphorylation. These
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Figure 2. Cellular signaling molecules involved in Evodia rutaecarpa-induced hepatotoxicity. (a) Repre-
sentative image of antibody microarray chip screened at 540 nm by Bio-Rad Vers Array Chip Reader.
Green dots indicate decreased abundance and red dots indicate increased abundance. Dots with red and
green combined represent no change. (b) Significantly changed proteins probably directly involved in
Evodia rutaecarpa-induced hepatotoxicity. Forty signaling molecules among 854 molecules from Ingenu-
ity Tox List Report were selected according to Kinexus criteria: Z-ratio > +1.0, % Error Range < 50,
Globally Normalized Median Value > 618, Flags = 0.0. X-axis represents as different signaling molecules,
Y-axis as Z-ratio value. Antibody microarray chip was repeated two times with the same result.

data confirmed the result obtained from the antibody microarray chip and indicated that these signaling mole-
cules, Erk1/2, CDKS8, Ckle and Src, are involved in the E.R.-induced hepatotoxicity.
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Figure 3. Validation of signaling molecules involved in Evodia rutaecarpa-induced hepatotoxicity by Western blotting. The
whole tissue lysate was harvested in each group for Western blot analysis using the specific antibody for phospho-Erk1/2 (a),
phospho-Src (b), phospho-CDK8 (d) and Ckle (c), separately. The same membranes were stripped and re-probed with total
Erk1/2, Src, CDK8 and f-actin antibody. The graphs indicate results of densitometric analysis and the data are the mean +
S.E.M. (n = 4) and expressed as fold-change versus control. “p < 0.05 and *p < 0.01 compared with control. Water-E
represents as Evodia rutaecarpa water extract, Ethanol-E as Evodia rutaecarpa ethanol extract, Control as physiological sa-
line group.

3.4. E.R. Induces Liver Expression of IL-6, IL-8, IL-18, and TNF-a

CDKS, Ckle and Src, which have been reported to be associated with the Wnt/f-catenin pathway and Erk1/2
can regulate the expression of some inflammatory cytokines and interleukins, such as IL-6, IL-8, IL-15, and
TNF-a. Tissue injury is highly regulated by these inflammatory cytokines [15]-[17]. Therefore, the content of
11-6, 11-8, IL-1f and TNF-« in the liver tissues was measured by ELISA. As shown in Figure 4, the expression
of these factors in the E.R. groups is much higher than that in the control group, indicating that these inflamma-
tory cytokines and interleukins contribute to the hepatotoxicity induced by E.R..

4. Discussion

In the present study, liver was identified as a main organ injured by E.R., as manifested by increase on the liver
index and serum levels of ALT and TG (Table 1 and Table 2), as well as by swelling/degenerated hepatocytes
and swelling mitochondria and lipid droplets in the cytoplasm (Figure 1). The potential cellular signaling mo-
lecules involved in this process were detected through a high-throughput antibody microarray assay, and 4 mo-
lecules, Erk1/2, CDKS, Ckle and Src, were screened out from among 854 molecules and further confirmed by
western blotting (Figure 2 and Figure 3). In addition, the inflammatory cytokines, IL-15, IL-6, IL-8, and TNF-a
in liver tissue were measured and probably mediate the E.R.-induced hepatotoxicity (Figure 4).

E.R., containing many active components, can act on different targets and exert various pharmacological ef-
fects, such as analgesic, cardiovascular and gastrointestinal protective, anti-obese, anti-inflammation, anti-in-
fection and anti-cancer activities [3] [18]-[21]. In clinical practice, E.R. is the main component of Wuzhuyu
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Figure 4. Evodia rutaecarpa induces liver expression of IL-6, IL-8, IL-14, and TNF-a. Liver tissue homogenates were ob-
tained from each group and the content of IL-6, IL-14, IL-8 and TNF-a were measured by ELISA. The data are expressed as
mean + S.E.M., n = 4 per group, p < 0.05 and “p < 0.01 compared with control. IL-6: interleukin-6; IL-14: interleukin-14;
IL-8: interleukin-8; TNF-a: tumor necrosis factor-a.

Tang (Evodia prescription), which is a Chinese medicinal formula containing E.R., Ginger, Ginseng, and Jujube,
and is commonly used for the treatment of headache, dizziness, and gastrointestinal diseases, such as chronic
gastritis and vomiting [22]. In addition, E.R. is also used for digestion problems including diarrhea, dysentery,
nausea, abdominal pain, gastroesophageal reflux disease, stomach ulcers, and lack of appetite, and for obesity,
high blood pressure, congestive heart failure, infections caused by viruses, Alzheimer's disease, cancer, and fluid
retention [23]. Though E.R. has various beneficial effects, some adverse effects should be given more attention.
It has been suggested that E.R. exerts an anti-fertility effect and causes animals’ uterus to contract and seems to
reduce the size of their litters. E.R. should be avoided when breast-feeding or pregnant [24] [25]. Sheu et al.
have reported that E.R. also has an effective anti-platelet action and seems to slow blood clotting. Thus, the risk
of bleeding during and after surgery might be a concern [26]. Besides these side effects mentioned above, in-
creasing evidence indicates that E.R. is associated with organ toxicity. Zhu et al. have reported that E.R. has
nephro- and hepato-toxicities, can inhibit nephrocyte and hepatocelluar viability and can increase the serum lev-
el of AST, ALP and LDH [27]. In the present study, liver lesions were observed through H-E staining and
TEM (Figure 1) and the liver index and serum level of ALT and TG were strongly increased (Table 1 and Ta-
ble 2), indicating that E.R. can induce hepatotoxicity.

In general, viruses, drugs and toxic substances can induce hepatocelluar lesions, in which inflammatory fac-
tors including cytokines and complementary factors, e.g. TNF-a, IL-1, IL-6, IL-8, are produced and induce he-
patocelluar apoptosis and necrosis. 4 cellular signaling transduction pathways, TGF-f/Smad, Wnt, mTOR, and
NF«-B pathways, have been reported to be involved in the hepatotoxicity induced by many Chinese herbs and to
mediate the production of various factors production followed by liver lesion [28]-[31].

In total 854 molecules were detected through the antibody microarray analysis used in this study. Four sig-
naling molecules, Erk1/2, Src, CDK8 and CKle, were selected out and verified by Western blotting as potential
molecules involved in E.R.-induced hepatotoxicity. Either water extract or ethanol extract of E.R. can induce the
phosphorylation of Erk1/2 and CDKS, increase the expression of CKle, and inhibit Src phosphorylation.

Erk1/2 is a pivotal molecule in the TGF-f/Smad and mTOR signal transduction pathways, as are CDK8, Ckle
and Src in the Wnt/$-catenin pathway. Erk1/2 regulates transcriptional factors related to inflammation and apopto-
sis, which contribute to liver lesions. Cubero et al. has found that Erk1/2 phosphorylation mediated alcohol-in-
duced liver injury by Kupffer cell activation and TNF-a production in rats [32]. Evodiamine, one of the compo-
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nents of E.R., can stimulate the phosphorylation of ERK1/2, and inhibit adipogenesis and provoke IL-8 secretion
[22] [33]. In addition, E.R. can regulate the phosphorylation of Erk1/2 and inhibit the growth and metastasis of
MDA-MB-231 human breast cancer cells in vitro and in vivo [34]. Taken together, in the present study, both
water extract and ethanol extract of E.R. can increase Erk1/2 phosphorylation, which likely contributes to the
hepatotoxicity induced by E.R.

The Wnt/S-catenin pathway is an evolutionarily conserved and highly complex signaling cascade that is criti-
cal for development, differentiation and cellular homeostasis. Specifically, f-catenin, the central component of
the canonical Wnt pathway, is implicated in the regulation of liver regeneration, development, and carcinogene-
sis, and thus plays a very important in liver metabolism and maintenance of normal function in the adult liver
[35] [36]. In this study, we found that E.R. can induce the phosphorylation of CDKS8, and increase Ckle expres-
sion, while inhibits the phosphorylation of Src. These three molecules, CDKS8, Ckle and Src, are critical contri-
butors to regulation of the f-catenin signaling pathway. CDKS stimulates f-catenin activity either directly or via
suppression of E2F1 and regulates f-catenin transcriptional activity [37]-[39]. Ckle can directly maintain the
stabilization of S-catenin and is a key activator of the f-catenin signaling pathway. The expression of Ckle can
promote oncogenic transformation of human cells in a f-catenin-dependent manner [40] [41]. Also, Src me-
diates the f-catenin signal transduction pathway, where f-catenin is phosphorylated at Tyr(654) by Src and ac-
tivates the target transcription factors [42] [43]. We found that E.R. can induce the phosphorylation of CDKS,
and increase the Ckle expression, while inhibiting the phosphorylation of Src. Thus we speculate that f-catenin,
as a downstream signaling molecule of CDKS8, Ckle and Src, mediates the process of hepatotoxicity induced by
E.R.

Inflammatory factors including cytokines, chemokines and complementary factors, e.g. TNF-a, IL-1, IL-6,
IL-8, can directly trigger the inflammatory responses which result in the hepatotoxicity seen upon the treatment
of drugs and toxic substances [44]-[46]. It has been reported that Evodia rutaecarpa extracts can stimulate the
secretion of IL-1p, IL-6, TNF-a and granulocyte-macrophage colony-stimulating factor in human mononuclear
cells [47] [48]. As shown in Figure 4, in our study, the expression of IL-18, IL-6, IL-8 and TNF-a were signifi-
cantly increased upon exposure to either water extract or ethanol extract of Evodia rutaecarpa.

Therefore, Evodia rutaecarpa-induced hepatotoxicity can most likely be attributed to inflammatory factors
and cytokines which are regulated by the Erk1/2 and S-catenin signaling pathways. We propose the model showed
in Figure 5 to depict Evodia rutaecarpa-induced hepatotoxicity in mice. Upon treatment with E.R. extract, Erk1/2
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Figure 5. A presumable signaling pathway for Evodia rutaecarpa-induced hepatotoxicity in mice. Upon the treatment with
Evodia rutaecarpa extract, Erk1/2 is phosphorylated and activated via either activated PI3K or TGF-f, and CDKS is phos-
phorylated and activated and Ckle expression was increased via the Wnt pathway. Activated Erk1/2 via mTOR and Smad,
and CDKS8, Ckle and Src via f-catenin lead to transcription factor activation and initiate gene transcription of inflammation
factors, such as interleukin cytokines (IL)-1/6/8, and tumor necrosis factor (TNF)-a, and result in liver lesion. Erk1/2, Extra-
cellular signal-regulated kinases 1/2; PI3K, phosphoinositide 3-kinase; TGF-f, transforming growth factor-f; CDKS, cyc-
lin-dependent kinase 8; Ckle, casein kinase 1 epsilon; mTOR, mammalian target of rapamycin; Src, v-src sarcoma (Schmidt

Ruppin A-2) viral oncogene homolog.
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is phosphorylated and activated via either activated PI3K or TGF-f, CDKS is phosphorylated and activated, and
Ckle expression is increased via the Wnt pathway. Activated Erk1/2 via mTOR and Smad, and CDK8, Ckle
and Src via fS-catenin lead to transcriptional factor activation and initiate transcription of inflammation factors,
such as interleukin cytokines (IL)-1/6/8, and tumor necrosis factor (TNF)-a, followed by liver lesion.

5. Conclusion

In summary, our findings established that the extract of E.R. could induce hepatotoxicity in mice. We have also
shown that E.R. increases Erk1/2 and CDKS phosphorylation, as well as the Ckle expression, and inhibits the
Src phosphorylation. These molecules probably induce IL-1p5, IL-6, IL-8 and TNF-a expression, with ensuing
liver pathology upon the treatment of E.R. Regulation of the TGF-/Erk/Smad, TGF-f/Erk/mTOR, and CDK8/
Ckle/Src/f-catenin pathway is most likely involved in E.R.-induced hepatotoxicity.
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