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Abstract: We investigated the protective effects exerted by oridonin, the main active constituent of the Chinese
medicinal herb Rabdosiarubescens, against lipopolysaccharide (LPS)/D-galactosamine (D-Gal)-induced acute liver
injury (ALI). An ALI model was induced in mice using LPS (40 pg/0.5 ml) and D-Gal (5 mg/0.5 ml). The mice were
randomly divided into the following five groups of six mice each: one control group (a), one ALI group (b), two oridonin
treatment groups (c and d), and one oridonin control group (e). Oridonin (0.2 mg/0.5 ml) was administered once 1
h prior to the LPS/D-Gal challenge in group ¢ and a total of three times over a period of four days, with the last dose
given at 1 h before the LPS/D-Gal challenge, in group d. Pretreatment with oridonin improved the survival rate, al-
leviated histopathological abnormalities, and suppressed plasma aminotransferases in the LPS/D-Gal-challenged
mice. Importantly, oridonin attenuated LPS/D-Gal-induced apoptosis in hepatocytes by reducing pro-apoptotic
signals (P<0.05), such as tumor necrosis factor-a (TNF-&) and c-Jun N-terminal kinases (JNK). Furthermore, JNK-
associated mitochondrial pro-apoptotic proteins were also suppressed by pretreatment with oridonin. Taken togeth-
er, these data show that oridonin exerts protective effects against LPS/D-Gal-induced ALl in mice via a mechanism
that may involve the suppression of the pro-apoptotic cytokine TNF-oc and JNK-associated pro-apoptotic signaling.
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Introduction

The liver plays an important, pivotal role in the
regulation of body metabolism and detoxifica-
tion, so injuries to this organ must be rapidly
and efficiently remedied [1, 2]. Liver injury
is induced by hepatotoxins, such as alcohol,
acetaminophen, lipopolysaccharide (LPS), and
D-galactosamine (D-Gal), and manifests as
hepatocyte apoptosis, necrosis, and dysfunc-
tion of the liver [2, 3]. An animal model of acute
liver injury (ALI), established using a combina-
tion of LPS and D-Gal, has been used as a
mature platform for investigating the mecha-
nisms underlying clinical liver disease and eval-
uating the effects of hepato-protective agents
[4]. Hepatocyte apoptosis, a crucial manifesta-
tion of the early stages of ALI [5] and a potential

target for drug therapies [6], can be examined
with this animal model of ALI.

Oridonin is a well-known tetracyclic diterpenoid
(Figure 1A) that isisolated from the Chinese
medicinal herb Rabdosiarubescens (dong ling
cao in Chinese) [7]. Oridonin has been used for
years to treat gastric cancer in traditional
Chinese medicine [8] and has attracted consid-
erable attention in recent decades because of
its effects against cancer and inflammation-
related diseases [9, 10]. However, no previous
studies have explored the hepato-protective
capacity of oridonin. We therefore evaluated
the protective effects and mechanisms of
action of oridonin in an LPS/D-Gal-induced ALI
mouse model. In particular, we focused on the
ability of oridonin to inhibit apoptosis.
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Figure 1. Protective effects of oridonin on LPS/D-Gal-induced ALI. A. The chemical structure of oridonin. B. The lev-
els of ALT and AST in plasma were determined 6 h after LPS/D-Gal exposure using an automated multi-parametric
analyzer. The serum ALT and AST levels, which were significantly increased by the LPS/D-Gal challenge, were re-
duced upon oridonin treatment (P<0.05). C. Representative liver histology of mice in each group (n=6/per group).
Liver sections were stained with H&E (original magnification x200). The severe histological abnormalities were
clearly ameliorated in the oridonin treatment groups. D. Survival curve of mice (n=30 per group) following adminis-
tration of LPS/D-Gal with or without oridonin treatment. Survival of the mice was assessed every 6 h for 2 days, and
the cumulative survival curve was constructed using the Kaplan-Meier method. Oridonin pretreatment significantly
improved the survival rate of mice with ALI induced by LPS/D-Gal. The survival rate of the model group was 0O, and
the survival rate in oridonin treatment groups ¢ and d were increased to 64.52% and 80.65%, respectively (P<0.01).
The data are expressed as the mean + SD. Legend: (##) P<0.01 compared with the control group a; (*) P<0.05
compared with the model group b; (a) control; (b) LPS/D-Gal; (c) oridonin/1+LPS/D-Gal; (d) oridonin/3+LPS/D-Gal;
(e) oridonin.

Materials and methods USA). A ReverTra Ace gPCR RT Kit was pur-

chased from Toyobo (Osaka, Japan). A SYBR®
Reagents Green Real-time PCR Master Mix was obtained

from ExCell Bio (Shanghai, China). An In Situ
Oridonin (empirical formula, C, H,,O,; molecu- Cell Death Detection Kit was purchased from
lar weight, 360.42) was purchased from Selleck Roche (Branchburg, NJ, USA). RIPA lysis buffer
(Houston, TX, USA). The purity of the oridonin was obtained from KeyGen Biotech (KGP702-
(isolated from Rabdosiarubescens) was con- 100, Nanjing, lJiangsu, China). Antibodies
firmed by HPLC to be >99.81%. The oridonin against c-Jun N-terminal kinases (JNK), phos-
was initially dissolved in dimethyl sulfoxide pho-JNK, cytochrome ¢, caspase-8, caspase-9,
(DMSO0), stored at -20°C, and thawed before caspase-3, bax, bclxl, and glyceraldehyde-
use. LPS (Escherichiacoli, 0111:B4) and D-Gal 3-phosphate dehydrogenase (GAPDH) were
were purchased from Sigma (Ronkonkoma, NY, purchased from Cell Signaling Technology
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(Danvers, MA, USA). Horseradish peroxidase-
conjugated goat anti-rabbit and goat anti-
mouse antibodies were obtained from Beyotime
(Shanghai, China).

Animals

The animals were cared for and treated accord-
ing to the institutional animal care policies of
the Shanghai Institute of Planned Parenthood
Research. Female C57BL/6 mice (specific
pathogen-free), with body weights ranging from
20 to 22 g, were purchased from SIPPR-BK
Animal Co., Ltd. (Shanghai, China). All mice
were fed a standard laboratory diet and provid-
ed with free access to water. The animals were
housed under normal laboratory conditions
(21£2°C, 12-h light-dark cycle) and acclimated
for at least 2 weeks before use.

Experimental protocols

ALl was induced in C57BL/6 mice by an intra-
peritoneal (i.p.) injection of LPS (40 ug/0.5 ml)
plus D-Gal (5 mg/0.5 ml). The mice were ran-
domly divided into the following five groups
(n=6 per group): one control group (a), one ALI
group (b), two oridonin treatment groups (c and
d), and one oridonin control group (e). Oridonin
(0.2 mg/0.5 ml) was administered 1 h prior to
LPS/D-Gal challenge in group c. In group d, ori-
donin (0.2 mg/0.5 ml) was administered every
4 days for a total of three times, with the last
dose given at 1 h before the LPS/D-Gal chal-
lenge. In the ALl and control groups, the mice
were injected with the same volume of sterile
0.9% sodium chloride instead of oridonin using
the same treatment protocol. All mice were sac-
rificed by decapitation 6 h after the LPS/D-Gal
challenge. Blood samples and livers were then
harvested for further analysis. The right lobes
of the livers were fixed in 4% paraformaldehyde
for morphological analysis, and the remaining
liver tissues were stored at -80°C until
needed.

To evaluate the potential effects of oridonin on
the survival rate in LPS/D-Gal-challenged mice,
another set of mice were allocated to the same
five groups (n=30 per group) described previ-
ously. Survival was assessed in the mice every
6 h for 2 days, and a cumulative survival curve
was constructed using the Kaplan-Meier
method.
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Histological analysis and determination of se-
rum enzymes

Four percent paraformaldehyde-fixed speci-
mens were embedded in paraffin and stained
with hematoxylin and eosin using a standard
protocol for conventional morphological analy-
sis under a light microscope (Olympus, Tokyo,
Japan). The levels of serum enzymatic activity
of alanine aminotransferase(ALT) and aspar-
tate aminotransferase (AST) were assessed
using a Hitachi 7180 automated multi-para-
metric analyzer (Hitachi, Tokyo, Japan).

Quantitative real-time polymerase chain reac-
tion (PCR)

The mRNA level of tumor necrosis factor-a
(TNF-a) in the livers was determined using
quantitative real-time PCR. Briefly, total RNA
was isolated from liver samples using TRIzol
reagent. Complementary DNA (cDNA) was syn-
thesized according to the manufacturer’s
instructions. Real-time PCR was performed
using SYBR green PCR Master Mix. The foll-
owing primers were used for amplification:
TNF-a0 sense 5-CTCCCAGGTATATGGGCTCA-3’,
TNF-a  anti-sense 5-CCAGGTTCTCTTCAAG-
GGAC-3’, GAPDH sense 5-TCC AAG GAG TAA
GAA ACC CTG GAC-3’, and GAPDH anti-sen-
se DB-GTTATTATGGGGGTCTGGGATGG-3'. The
MRNA level of TNF-& was normalized to that of
GAPDH.

Terminal deoxynucleotidyl transferase-mediat-
ed nucleotide nick-end labeling (TUNEL) assay

An In Situ Cell Death Detection Kit was used to
assess the liver apoptosis according to the
manufacturer’s instructions (Branchburg, NJ,
USA). Under light microscopy, the number of
TUNEL-positive cells (indicated by dark brown
precipitate) was counted in 10 randomly select-
ed high-power fields (400x magnification).

Protein isolation and western blot

Total intracellular protein was isolated using
RIPA lysis buffer supplemented with a protease
inhibitor cocktail. Protein concentrations were
determined using the bicinchoninic acid (BCA)
method. Equal amounts of protein were loaded
into gels to analyze the levels of JNK, phospho-
JNK, cytochrome c, caspase-8, caspase-3, cas-
pase-9, bax, and bcl-xl. GAPDH was used as a
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Figure 2. Oridonin suppressed the LPS/D-Gal-induced pro-apoptotic signals. A. The expression of hepatic TNF-a
mRNA was determined by real-time PCR. Pretreatment with oridonin significantly inhibited the release of TNF-a
induced by LPS/D-Gal (P<0.01). B. The levels of phosphorylated JNK (p-JNK) and total JNK (JNK) in the liver were
determined by immunoblot analysis. Pretreatment with oridonin significantly inhibited the phosphorylation of JNK
induced by LPS/D-Gal (P<0.01). C. Representative data of JNK/p-JNK from three independent experiments. D. The
band intensity in western blots among the four groups was quantified by Image J software. Legend: (##) P<0.01
compared with the control group (a); (**) P<0.01 compared with the model group (b); (a) control; (b) LPS/D-Gal; (c)
oridonin/1+LPS/D-Gal; (d) oridonin/3+LPS/D-Gal; (e) oridonin.

control in the western blots. The relative densi-
ty of protein expressions was quantitated using
Image J software.

Statistical analysis

All numerical results are expressed as the
mean = S.D. and represent data from a mini-
mum of three independent experiments. The
student’s t-test was used to analyze differenc-
es between two groups. A Chi-square test was
used to compare sample rates among multiple
samples. All analyses were performed using
GraphPad Prism 6.0 statistical software
(GraphPad Software, Inc., La Jolla, CA, USA).
The level of statistical significance was set at
P<0.05.

Results

Oridonin exerted protective effects on an LPS/
D-Gal-induced ALI model in mice

The severe histological abnormalities induced

by LPS/D-Gal included the destruction of liver
structures, cytoplasmic vacuolization, hemor-
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rhage, and inflammatory cell infiltration. These
effects were clearly ameliorated in the orido-
nin-treated groups (Figure 1B). The levels of
serum ALT and AST activities, two important
indicators of liver function, were markedly high-
er at 6 h after LPS/D-Gal exposure than the lev-
els observed in the control group, indicating
that severe liver injury was induced in the LPS/
D-Gal-challenged mice. Pretreatment with ori-
donin reduced the extent of ALT and ASL activ-
ity increase in a dose-dependent manner. In
the oridonin-treated group d, serum ALT and
AST activities were significantly lower than in
the ALI group (P<0.05, Figure 1C).

Because reduced liver damage is correlated
with enhanced survival, we also sought to
determine whether pretreatment with oridonin
increased the survival rate in mice. After the
mice were injected with LPS/D-Gal, they were
observed every 6 h to determine the survival
rate. The results show that mice pretreated
with oridonin had a significantly higher survival
rate (Figure 1D). These results indicate that ori-
donin was effective in protecting mice from
LPS/D-Gal-induced ALI.

Am J Transl Res 2017;9(9):4271-4279
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Figure 3. Oridonin inhibited LPS/D-Gal-induced hepatocyte apoptosis. A. Apoptotic cells were determined by TUNEL
assay. TUNEL-positive cells exhibited a dark brown nucleus. Representative liver sections of each group are shown
(original maghnification x200). B. Statistical analysis of TUNEL-positive cells. Random counting of 10 fields of view
at 400x magnification was performed to calculate the apoptosis rate. Compared with the control group a, the hepa-
tocyte apoptosis rate of mice in the model group b was significantly increased (36.40+1.84 vs. 1.40+0.46, respec-
tively; P<0.01). Pretreatment with oridonin effectively reduced the hepatocyte apoptosis rate to 19.41+3.34% and
11.3940.29% in groups ¢ and d, respectively (P<0.01). The hepatocyte apoptosis rate of mice in the oridonin control
group was only 1.17+0.46%. Legend: (##) P<0.01, compared with the control group a; (**) P<0.01, compared with
the model group b; (a) control; (b) LPS/D-Gal; (c) oridonin/1+LPS/D-Gal; (d) oridonin/3+LPS/D-Gal; (e) oridonin.

Oridonin suppressed LPS/D-Gal-induced pro-
apoptotic signals

LPS/D-Gal-induced liver injury has been asso-
ciated with higher levels of hepatic TNF-a
expression in mice [5]. Consistent with previ-
ous studies, our results show that higher levels
of hepatic TNF-a were induced in the mice
treated with LPS/D-Gal than in the control
group. However, pretreatment with oridonin sig-
nificantly reduced the level of TNF-a (Figure
2A). Another crucial pro-apoptotic signal, JNK
(Figure 2B and 2C), was also expressed at
markedly lower levels in LPS/D-Gal model ani-
mals pretreated with oridonin [11]. Treatment
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with oridonin alone did not induce the expres-
sion of any pro-apoptotic signals (Figure 2B).

Oridonin inhibited LPS/D-Gal-induced hepato-
cyte apoptosis

Hepatocyte apoptosis may be an early and
important event in acute liver injury [6], so we
examined the degree of hepatocyte apoptosis
in ALl mice in this study. We used TUNEL stain-
ing to characterize the apoptotic response and
to locate and quantify the number of apoptotic
cells in liver sections obtained from ALl mice.
There were few apoptotic cells (i.e., TUNEL-
positive cells) in the oridonin control group.

Am J Transl Res 2017;9(9):4271-4279
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Figure 4. Oridonin inhibited the expression of mitochondrial-related apoptosis proteins. A. Compared with the nor-
mal control group a, LPS/D-Gal-induced the activation of caspase-8, caspase-9, bax, cytochrome ¢, and caspase-3,
whereas oridonin intervention significantly inhibited the levels of mitochondrial-related pro-apoptotic proteins and
up-regulated the expression of the anti-apoptotic protein bcl-xl (P<0.05). Levels of caspase-8 were not affected by
oridonin. B. Representative data of apoptosis-related proteins from three independent experiments. C. The band
intensity in western blot among the four groups was quantified by Image J software. Legend (#) P<0.01 and (##)
P<0.01 compared with the control group a; (*) P<0.05 and (**) P<0.01 compared with the model group b; (a) con-
trol; (b) LPS/D-Gal; (c) oridonin/1+LPS/D-Gal; (d) oridonin/3+LPS/D-Gal; (e) oridonin.

Furthermore, the number of apoptotic cells in
the livers of the LPS/D-Gal-induced ALl mice
was significantly higher than the number in the
control group. Pretreatment with oridonin effec-
tively reduced the number of apoptotic cells,
indicating that cell apoptosis was markedly
inhibited (Figure 3A and 3B).

Oridonin inhibited the expression of apoptosis
pathway-related proteins

The most important process during the induc-

tion of apoptosis is the activation of a caspase
cascade [12]. Our results show that oridonin
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significantly suppressed the LPS/D-Gal-induced
up-regulation of cleaved caspase-9 and cleaved
caspase-3. However, the level of cleaved cas-
pase-8 was not affected by oridonin (Figure 4A
and 4B). Furthermore, immunoblot analyses
showed that bax and cytochrome ¢ expression
were increased, indicating the involvement of
the mitochondrial apoptotic pathway in LPS/D-
Gal-treated mice. Hence, oridonin exerted its
beneficial effect by inhibiting bax and the
release of cytochrome ¢, which subsequently
inhibited the activation of caspase-9 and cas-
pase-3 and increased the expression of the
anti-apoptotic protein bcl-xI (Figure 4A and 4B).

Am J Transl Res 2017;9(9):4271-4279
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Discussion

Co-administration of D-Gal and the bacterial
endotoxin LPS is an established method for
inducing ALl in mice that results in a pathologi-
cal process similar to that of clinical ALI. This
model is also an important platform for screen-
ing new drugs to treat ALI [13]. Our results show
that oridonin improved the survival rate in mice
with induced ALI, indicating that oridonin exerts
a significant protective effect against ALI. We
infer from this result that prompt treatment
with oridonin may be beneficial for ALI patients.

Hepatocyte apoptosis, a short-term pathologi-
cal process, is not only a pivotal pathological
manifestation of ALl but also an important tar-
get for drug therapies [6, 14]. Taking into
account the rapid progression and variable
courses of ALI, a therapeutic window must be
established to improve the prognosis of ALI
patients. Therefore, prior to LPS/D-Gal chal-
lenge, we pretreated the mice with oridonin.
One concern that should be noted is that early
endotoxin tolerance resulting from LPS con-
tamination during pretreatment can mitigate
the response to direct stimulation with LPS/D-
Gal [4]. Hence, we ensured that all of the LPS-
related reagents, including oridonin, that were
used in these experiments were free of endo-
toxins. Our results confirm that exposure to
LPS/D-Gal induced a wide variety of hepato-
cyte apoptosis. Oridonin intervention signifi-
cantly reduced apoptosis in liver cells, and this
effect was accompanied by improvements in
liver histopathology and serum amino transfer-
ases activity. In addition, treatment with orido-
nin alone induced few apoptotic cells. These
results collectively indicate that the protective
effects of oridonin may involve the inhibition of
hepatocyte apoptosis.

Many types of stimulation induce apoptosis in
hepatic cells, including inflammatory factors
(such as TNF-a), mitochondrial damage, and
hypoxia. These factors often overlap during the
course of ALI, resulting in the promotion of the
progress of the disease. Death receptor path-
ways (i.e., those initiated by TNF-a and Fasl)
and mitochondrial apoptotic pathways (those
regulated by the bcl-2 family proteins) are the
two classic apoptosis pathways [15]. TNF-« is
a macrophage-derived major deleterious pro-
apoptotic factor that plays an important role in
the pathophysiology of LPS/D-Gal-induced liver
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damage. However, a number of lines of evi-
dence indicate that natural killer (NK) and natu-
ral killer T (NKT) cells generate the TNF-a that is
responsible for D-Gal-sensitized LPS lethality
[16]. NKT cells must be considered with care
because humans and mice may not have com-
parable resident NKT populations in the liver.
However, regardless of its source, TNF-a is
absolutely required for D-Gal-sensitized lethali-
ty [4]. Numerous studies have demonstrated
that the hepatic injury response induced by
LPS/D-Gal is essentially eliminated in both
TNF-a-deficient and in TNF-o receptor 1
(TNFR1)-deficient mice [14]. Binding to TNFR1
may induce caspase-8-initiated apoptotic cas-
cades [17]. The results presented here show
that the induction of TNF-a was suppressed
by pretreatment with oridonin in LPS/D-Gal-
challenged mice. Consistent with this result, we
found that caspase-3 was activated at lower
levels after oridonin treatment, whereas cas-
pase-8 expression was not influenced by orido-
nin. We infer from these results that the protec-
tive effects of oridonin may involve decreasing
the production of the pro-apoptotic factor
TNF-a but may not involve caspase-8.

The sustained activation of JNK is one mecha-
nism involved in LPS/D-Gal-induced liver cell
apoptosis [18]. In addition, JNK is over activat-
ed before the onset of hepatic apoptosis [11].
JNK is a mitogen-activated protein kinase
(MAPK) family member that is thought to be
activated by a variety of cell stressors and
inflammatory cytokines [19]. These stimulating
factors typically activate JNK by inducing TNF-a
to bind to TNFR1 [20]. Based on JNK1 and
JNK2 null mice or a specific JNK inhibitor, sev-
eral studies show that JNK exerts its pro-apop-
totic effects by inducing bid cleavage, changing
the permeability of the mitochondria mem-
brane, and releasing cytochrome c¢ [11, 21].
Therefore, TNF-a« not only can directly induce
apoptosis but can also activate the JNK-
mediated mitochondrial apoptotic pathway,
which significantly amplifies the apoptosis-pro-
moting effect of TNF-a.

To shed additional light on the protective mech-
anisms of oridonin, we examined the expres-
sion of JNK and mitochondrial apoptotic path-
ways related to pro-apoptotic and anti-apoptot-
ic proteins. Our results indicate that the
increase of TNF-a in LPS/D-Gal-induced ALI
mice may be the promoter of hepatocyte apop-

Am J Transl Res 2017;9(9):4271-4279



The anti-apoptosis effects of oridonin in ALI

tosis, and the mitochondrial apoptotic pathway
mediated by JNK activation is the key to a large
amount of apoptosis. Oridonin intervention can
significantly reverse the activation of JNK,
down-regulate the levels of mitochondrial-relat-
ed pro-apoptotic proteins including bax, cyto-
chrome ¢, and caspase-9, and up-regulate the
expression of the anti-apoptotic protein bcl-xl in
LPS/D-Gal-induced ALl mice. Furthermore, the
whole liver lysate apoptotic profile was un-
changed by oridonin alone. Thus, the protective
effects of oridonin may be closely associated
with inhibition of JNK-related pro-apoptotic
signals.

In the past few decades, there has been a
growing interest in oridonin due to its anti-
tumor and anti-fibrosis activity. Regardless of
its anti-tumor or anti-fibrosis activity, both activ-
ities are related to the effect of oridonin on
inducing cancer cell or hepatic stellate cell
apoptosis [10, 22, 23]. The benefits of oridonin
in our study are also related to the ability of ori-
donin to inhibit hepatocyte apoptosis in the ALI
mouse model, supporting the concept that the
modulatory effect of oridonin on apoptosis is
important and depends on the circum-
stances.

Our results showed that oridonin has protective
effects against ALl induced in mice, which may
be related to a reduced production of the pro-
apoptotic cytokine TNF-a and suppressed ac-
tivation of JNK-mediated mitochondrial pro-
apoptotic signals. Although the protective
mechanisms of oridonin in LPS/D-Gal-induced
ALl in mice require more intensive study, the
present results portend that oridonin may have
wide prospects for application in clinical treat-
ment of ALI.
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