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Abstract

Background/Aims: Clinically, biliary obstruction is often accompanied by progressive
inflammation. Dehydroandrographolide (DA) possesses anti-inflammatory properties.
However, the anti-inflammatory activities of DA in cholestatic liver injury remain unclear.
Methods: Mice were administered with DA by intraperitoneal injection after bile duct ligation
(BDL) on day 1. Then mice were subjected to an ileocecal vein injection of lipopolysaccharide
(LPS). Liver function markers, histology, pro-inflammatory cytokine levels, NF-kB activation
and fibrosis formation were evaluated in BDL mice with LPS. LPS binding to primary Kupffer
cells was examined by high-content cytometers. Results: DA was shown to greatly lower
initially higher than normal levels of alanine aminotransferase (ALT) and total bilirubin (TBIL)
in the serum and liver of BDL mice with LPS. DA exerted hepatic protective effects that were
also confirmed by prolonged survival of BDL mice with LPS. Liver histopathology showed
reduced inflammatory cellular infiltration, bile duct proliferation, and biliary necrosis with DA
treatment. Furthermore, DA reduced the expression levels of tumor necrosis factor (TNF)-a
and interleukin (IL)-6 in liver tissue and plasma and showed decreased NF-kB activation in
BDL mice with LPS. DA could prevent LPS binding to primary Kupffer cells in the normal liver
and BDL mice liver. DA also suppressed LPS-stimulated inflammatory responses by blocking
the interaction between LPS and TLR4 in primary Kupffer cells and human LX-2 cells, thereby
inhibiting NF-kB activation. Conclusion: DA inhibition of inflammation against liver damage
following BDL with LPS may be a promising agent for the treatment of cholestatic liver injury.
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Introduction

Obstructive cholestasis is caused by occlusion of the common bile duct or its tributaries
and is usually associated with life-threatening complications such as endotoxemia, systemic
inflammatory responses and liver injury, leading to increased mortality [1]. Inflammation is
known to contribute to the development of cholestatic liver injury from biliary obstruction in
patients [2, 3]. Experimental studies have determined that a pro-inflammatory response was
initiated by endotoxin or LPS treatment in animal models with biliary obstruction following
an increase in cytokine production of TNF-a, IL-1f3, and IL-6 [4-8]. Moreover, inhibition of
the pro-inflammatory response by medicinal plants could effectively improve liver injury
and survival via inhibiting Kupffer cell phagocytic activity and thereby decreasing the
subsequent release of pro-inflammatory cytokines [9].

TLR4 is well-characterized as the receptor for Gram-negative bacterial endotoxins or
LPS [10, 11] and is involved in inflammatory signaling responses. TLR4 is expressed in many
types of cells including Kupffer cells of the liver. LPS activation of TLR4 on the cell surface
leads to the activation of MAPK signaling proteins, translocation of NF-kB to the nucleus
resultes in the transcription of genes encoding inflammation-associated molecules and
cytokines, including TNF-a and IL-6 [12, 13]. Blockage of TLR4 reduces liver damage by
biliary obstruction accompanied by bacterial infection [14]. In addition, pro-inflammatory
cytokines, such as TNF-a and IL-6, reduces bile flow and further leads to cholestasis in animal
models [15, 16], which may also worsen inflammation. Thus, TLR4 has become a potential
therapeutic target for liver injury. An agent that inhibits TLR4-mediated cytokine expression
could be a promising drug for the treatment of inflammation induced liver diseases.

Medicinal plants which have been traditionally used for treating liver diseases for
centuries appear to produce lower side effects. Moreover, a previous study showed that
the plant components for cytokine secretions or NF-kB transactivation activity in a murine
macrophage cell line exerted anti-inflammatory effects in an LPS-induced inflammatory
murine model [17, 18]. Andrographis paniculata (Burm. f.) Nees (Acanthaceae), known
as Chuan-xin-lian in Chinese (AP), is widely used for treating infection, inflammation,
common colds, fever, diarrhea, hypertension, and liver disorders [19-22]. DA [14-deoxy-11,
12-didehydroandrographolide, C, H,,0,], a diterpenoid compound that is purified from
AP, has been shown to have anti- 1nflammat0ry, anti-platelet and anti-hypertensive
pharmacological effects [23, 24]. DA was found to exert inhibitory activity on NF-kB-
dependent transactivation in LPS-stimulated RAW 264.7 cells and to inhibit the release of
pro-inflammatory cytokines [22]. Moreover, an AP extract has also been shown to inhibit
LPS-induced acute inflammation in mice lung and brain [25].

The aim of this work was to elucidate the mechanism of DA for improving cholestatic
liver injury in a mouse BDL model with subsequent LPS treatment to mimic the conditions
of biliary obstruction with septic complications. Our findings demonstrated that DA
significantly inhibited inflammation and subsequent liver damage following BDL in mice.
To further investigate the mechanism, we confirmed that the effectiveness of DA treatment
is due to its ability to prevent LPS binding to TLR4 in Kupffer cells, inhibit NF-«kB activation
and decrease pro-inflammatory cytokine TNF-a and IL-6 expression, which likely leads to
reduced liver inflammation in cholestatic liver injury.

Materials and Methods

Reagents

DA was obtained from the National Institute for the Control of Pharmaceutical and Biological
Products in China (Beijing, purity > 99% as determined by analytical HPLC). Ultrapure LPS (Escherichia
coli 0111: B4) was purchased from List Biological Laboratories (Vandell Way, CA, USA). This LPS does not
contain contaminating proteins that could stimulate TLR2 nonspecifically. Alexa Fluor 488-E. coli LPS was
purchased from Molecular Probes (Eugene, OR, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal
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bovine serum (FBS), dimethylsulfoxide (DMSO), type IV collagenase, Percoll, Kupffer cell isolation medium,
ethylenediaminetetraacetic acid and Hoechst 33342 were purchased from Sigma (St. Louis, MO, USA). An
alanine aminotransferase analysis kit was purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). TNF-a and IL-6 enzyme-linked immunosorbent assay (ELISA) kits were purchased from
R&D (Minneapolis, MN, USA). Total bilirubin ELISA kits were purchased from the Huamei Bioengineering
Institute (Wuhan, China). Anti-mouse TLR4 and GAPDH antibodies were purchased from Abcam (Cambridge,
UK). Anti-mouse TLR4-Cy3 and NF-«kB-FITC and DAPI were purchased from Invitrogen (Carlsbad, CA, USA).

Experimental model

C57BL/6 male mice at 8-10 weeks of age were used for the present experiments. Mice were housed
in a temperature- and humidity-controlled environment on a constant 12:12-h light-dark cycle. All animal
studies were approved by the Animal Ethics Committee of Jinzhou Medical University. Mice were fasted for
12 h with water ad libitum before the operation.

Mice were anesthetized with 2% isoflurane, and common BDL was performed as previously described
[26]. In brief, following a peritoneal cavity incision, the common bile duct was dissected and double-ligated
with a 5-0 silk suture, and then the bile duct was cut between the ligatures. Controls underwent a sham
operation in which the common bile duct was exposed but not ligated. A two-layer running suture was used
for abdominal closure with 4-0 dexon and 2-0 nylon. Two concentrations of DA (25 or 50 mg/kg) were
administered intraperitoneally daily at 9:00 AM beginning after the ligature on day 1. Four days after BDL,
selected mice were subjected to an ileocecal vein injection of LPS under microscopy at a dose of 100 ng/
gram of body weight (gbw), 1 ug/gbw or 5 pg/gbw diluted with 300 pl of PBS.

Blood biochemistry

Mice were anesthetized using an over-dose of phenobarbital sodium via intraperitoneal injection.
Then, serum samples were collected from the sham, BDL and BDL with LPS mice at 0 h, 6 h, 12 h and 24
h. Serum ALT was measured as markers of hepatocellular injury using a commercial kit. TBIL levels in the
plasma were determined using commercial ELISA kits [19].

Pro-inflammatory cytokine level analysis

Liver tissues, blood and cell culture supernatants were collected. Livers were weighed and washed in
PBS and then homogenized immediately in 10 volumes of PBS at 37°C. After centrifugation, supernatants
were collected and stored at -80°C. Levels of cytokines (TNF-a and IL-6) were measured using a commercial
sandwich ELISA kit, according to the manufacturer’s instructions. The absorbance was read on a microplate
reader (Denley Dragon, Wellscan MK3, Thermo, Finland), and the concentrations were calculated based on
a standardized curve.

Histological analysis

Mice were anesthetized using an over-dose of phenobarbital sodium via intraperitoneal injection.
Liver tissue was fixed in buffered 10% formalin, paraffin embedded and prepared for histological slides.
Slides were stained with hematoxylin & eosin (H&E) dye.

Primary Kupffer cell culture

Primary Kupffer cells were isolated from sham and BDL mice by type IV collagenase perfusion in situ
and differential centrifugation using Percoll as described [27, 28] with slight modifications. Briefly, liver
was perfused in situ through the portal vein using Ca** and Mg*-free phosphate-buffered saline (37°C)
containing 10 mM ethylenediaminetetraacetic acid at a speed of 1-3 ml/min for 5 minutes. Then perfusion
was performed with HBSS solution (37°C) containing 0.1% collagenase 1V and gradually increased the
flow rate to 10 ml/mint for 5 minutes. The liver was removed and rapidly teared liver membrane using
scissor to release all liver cells into the Kupffer cell isolation medium on ice. Liver cells were collected at
50g at 4°C for 2 minutes. Then supernatant was centrifuged at 1, 350g for 15 min to pellet non-parenchymal
cells. The cell suspension was added the discontinuous isotonic gradient 25/50% Percoll and centrifuged
at 900g for 20 minutes at 4°C to obtain the Kupffer cell. Cells were seeded on 0.01% gelatin-coated
culture plates and cultured in DMEM: Ham’s F-12 medium (1:1) with 15% fetal bovine serum and 10 mM
hydroxyethylpiperazine-N-2 ethanesulfonic acid. After incubation for 30 minutes, nonadherent cells were
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removed and 10 mM ethylenediaminetetraacetic acid was added in cell medium for 40 minutes on ice. After
gently shaking the plate, the supernatant was collected and centrifuged at 300g for 5 minutes. The pellet
was resuspended with 2x10° cells/ml in DMEM: Ham'’s F-12 medium (1:1) with 15% FBS, 15 mM HEPES, 1
mM insulin, 2 mM L-glutamine, 100 U/ml penicillin and 100 U/ml streptomycin. Cells were allowed attach
after being cultured for 72 h (37°C, 5% CO,) prior to treatment, the cell culture medium was changed to a
serum-free medium.

Western blot analysis

Liver tissues were homogenized in RIPA lysis buffer containing protease inhibitors, followed by
solubilization and centrifugation at 12, 000 rpm for 20 min at 4°C. Supernatants were stored at —-80°C
until assays were performed. Tissue protein concentrations were determined with a bicinchoninic acid
(BCA) kit. Western blot analysis was performed as previously described [19]. Briefly, the supernatant
was subjected to 10% SDS-polyacrylamide gel electrophoresis (20 pg of protein/lane) and transferred
to a polyvinylidene difluoride membrane. Then the membranes were incubated with primary antibodies
overnight at 4°C. After being washed with TBS, the membranes were incubated with horseradish peroxidase
(HRP)-linked secondary antibodies at room temperature for 1 hour. Bands were developed using enhanced
chemiluminescence. The relative quantities of protein expression were analyzed using Image] software.

Assay for LPS binding to Kuplffer cells.

The primary Kupffer cells were incubated with DA (1, 2, and 4 pM) and anti-mouse TLR4 antibodies for
30 min at 37°C. The cells were washed, and the medium was changed to a serum-free medium in which the
serum factors able to target LPS could not interfere with the results. Then, the cells were further incubated
with 50 ng/ml LPS from E. coli serotype 055:B5 conjugated with Alexa Fluor 488 for 45 min at 37°C. After
being washed twice, the cells were collected and analyzed with high-content cytometers. The assays were
performed in triplicate for each preparation of the primary Kupffer cells obtained from five different donors.
Specific LPS binding was estimated by subtracting the percentage of LPS-binding cells in the absence of LPS
from that in the presence of LPS.

Statistical analysis

All data were analyzed using GraphPad Prism software (GraphPad, San Diego, CA). Data are expressed
as the mean * standard error. A Student’s t-test was used to compare significant differences between the
two groups. Significant differences among multiple groups were analyzed using a one-way ANOVA followed
by Dunnett’s test. A P value of < 0.05 was considered significant.

Results

Effect of DA on liver injury in BDL mice treated with LPS

DA has been shown to not only inhibit inflammation in various cell models, but to
also act as a liver protectant. It is hypothesized that cholestatic liver injury would also
be less severe with DA treatment in BDL following LPS. To investigate the effect of DA on
liver injury in BDL-induced mice treated with LPS, we first assessed the cholestatic liver
injury model by measuring serum levels of TBIL and ALT, which serve as the markers of
cholestasis and hepatocyte injury in BDL mice with LPS. As shown in Fig. 1A, after 6 h, the
BDL group had markedly elevated TBIL levels by more than 23-fold and 16-fold of ALT
levels (p < 0.01) compared with the sham group, suggesting that significant cholestatic liver
injury was induced successfully in this model. Levels of TBIL did not continue to increase
in BDL mice after 6 hours post LPS administration (1 pg/gram of body weight), but the ALT
levels increased further in a time-dependent manner (Fig. 1A). Fig. 1B shows the chemical
structure of DA. Following the application of DA at 25 and 50 mg/kg treatment, with the
concentrations obtained from an acute toxicity study, the levels of LPS-induced TBIL and
ALT were significantly reduced in sham and BDL mice. Although TBIL levels were slightly
decreased with an application of 25 mg/kg DA, they were not statistically significant (p >
0.05), whereas ALT levels were greatly reduced in BDL mice with LPS (Fig. 1C, p < 0.01).
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Fig. 1. DA reduced liver damage of BDL mice treated with LPS. (A) Serum levels of total bilirubin (TBIL;
left) and alanine aminotransferase (ALT; right) were significantly elevated in BDL-LPS mice compared with
BDL mice (*p<0.05, **p<0.01, respectively). (B) The chemical structure of DA. (C) Left: TBIL and ALT levels
were reduced in BDL-LPS mice following DA (50 mg/kg) treatment compared to BDL-LPS mice, *p<0.05,
**p<0.01. Right: A dose-response study of LPS (100 ng/gram of body weight and 5000 ng/ gram of body
weight, respectively) to estimate DA inhibition of liver injury. (D) Representative H&E images of liver sections
from sham and BDL mice treated with LPS. DA treatment significantly reduced liver biliary necrosis. Arrows
show liver necrosis. The data are expressed as the mean + SEM from three independent experiments. n=10,
**p<0.01, between indicated groups.

Considering whether different doses of LPS would induce a different response of DA for liver
injury, a dose-response study was performed using higher or lower doses of LPS (100 ng/
gram of body weight and 5000 ng/gram of body weight, respectively). Similar DA inhibition
of liver injury patterns are shown in Fig. 1C.
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Fig. 2. DA prolonged survival in BDL mice treated
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To confirm the effects of DA attenuated LPS-induced liver injury in BDL mice, liver
histology was observed with H&E staining. Fig. 1D shows that DA dose at 25 or 50 mg/kg
treatment significantly reduced the degree of periportal inflammation, cellular infiltration,
bile duct proliferation, and biliary necrosis (p < 0.01) in BDL and BDL following LPS
treatment mice compared with BDL or BDL mice following LPS only. Biliary necrosis was
mainly observed around the periportal area in BDL mice. Taken together, these results
suggested that DA pre-treatment can effectively reduce liver damage of BDL mice following
LPS treatment. Thus, we chose a DA dose at 50 mg/kg and LPS (1 pg/gram of body weight)
for our studies.

Effects of DA on Survival in BDL mice treated with LPS

To further test the protective effects of DA on the survival of mice with cholestatic liver
injury, we treated the BDL mice using LPS at a dose of 1 ug/gram of body weight. Without DA
pre-treatment, the BDL mice became ill and lethargic and lacked strength and coordination
following LPS administration. However, DA treatment greatly improved the survival of BDL
mice (p < 0.05). Moreover, the BDL mice with DA treatment had significantly improved
survival with 73 % surviving following LPS administration vs 41 % of the PBS-treated BDL
with LPS mice (Fig. 2). The results suggested that DA treatment not only protected the liver
against cholestatic injury but also prolonged survival in BDL mice receiving LPS.
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Fig. 4. DA treatment represses fibrosis formation in BDL with LPS mice. (A) Relative mRNA expression
for Tgf-B1 in sham and BDL-LPS mice treated with either PBS or DA. Data are expressed in arbitrary
units. n=3, *p<0.05, **p<0.01, between indicated groups. Data are expressed as the fold change relative
to BDL-LPS mice. Data were normalized to a-actin. (B) Liver a-Sma protein expression was detected by
immunohistochemistry staining in sham and BDL-LPS mice treated with either PBS or DA. n=3, **p<0.01,
between indicated groups. (C) Representative images and densitometry data of masson’s trichrome staining
of liver sections from sham and BDL-LPS mice treated with either PBS or DA. Data represent means * SEM of
3 independent experiments. n=5, *p<0.05, **p<0.01, between indicated groups.

Effects of DA on pro-inflammatory cytokine production and fibrosis formation in BDL mice

treated with LPS

Itis well known that inflammatory responses are major factors for liver damage induced
by various causes. We next attempted to correlate the above findings with inflammatory
cytokine production in response to LPS administration in sham and BDL mice. An ELISA test
showed that the levels of TNF-a and IL-6 expression in liver tissues were greatly increased
in BDL mice following LPS administration compared with the sham group (Fig. 3A, p < 0.01).
Similarly, the plasma of BDL mice had significantly higher levels of TNF-a and IL-6 expression
than the sham group, as shown in Fig. 3B. However, DA treatment greatly reduced the levels
of pro-inflammatory cytokine production both in liver tissue and plasma in BDL and BDL
mice following LPS administration (Fig. 3A, B, p < 0.01). The results for plasma and tissue
contents provided strong evidence that DA had a protective role in the liver against injury via
inhibition of pro-inflammation cytokines production in response to LPS.

Inflammation could induce Kupffer cells activation to produce TGF-1 and are able to
activate fibrogenic hepatic stellate cells. We evaluated whether DA treatment could affect
hepatic expression of profibrogenic genes. qPCR demonstrated that the expression of
Tgf-B1 gene in hepatic fibrogenesis was significantly decreased in DA-BDL mice with LPS
compared to BDL mice with LPS (Fig. 4A, p < 0.01). An immunohistochemistry analysis
also displayed a significant reduction in a-Sma protein expression in DA-BDL mice with
LPS compared to BDL mice with LPS (Fig. 4B, p < 0.01). This result was also supported
by analysis of Masson’s Trichrome staining of the liver sections, which showed reduced
thickening of the collagen fiber in the portal area and no marked fibrous septum in DA-BDL
mice with LPS compared with BDL mice with LPS (Fig. 4C, p < 0.05). These data suggest that
DA treatment represses the activation of Kupffer cells through inhibits inflammation, further
reducing fibrosis formation in BDL mice with LPS.
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Effect of DA on NF-kB activation in BDL mice with LPS and primary Kupffer cells

NF-kBrefers toafamily of transcription factors that play a crucial role in the inflammatory
response [29]. Thus, we further examined NF-kB expression in Kupffer cells and tissues.
Dramatically, with DA treatment, the BDL mice with LPS showed a markedly decreased NF-
kB quantity compared with the BDL mice with LPS without DA treatment (Fig. 5A and B, p
< 0.01). To further confirm this result, we isolated primary Kupffer cells from a wild type
mouse and incubated with DA at 1, 2, 4 uM (LD, 2 uM). High-content cell imaging of primary
Kupffer cells displayed activation of NF-kB by LPS (1 pg/ml) that was significantly inhibited
by DA at all given concentrations (Thermo, Cellomics ArrayScan VTIHCS Reader, USA) (Fig.
5C and D, p < 0.01). These results suggested that DA inhibited the activation of NF-«kB to
reduce the generation of pro-inflammatory cytokines.

Effects of DA on LPS binding to the Kupffer cells

Many bacterial products and stimulation of a wide variety of cell-surface receptors lead
to NF-xB activation and fair rapid changes in gene expression [30]. Toll-like receptors (TLRs)
as specific pattern recognition molecules can lead to activation of NF-xB [31]. We investigated
whether DA inhibited binding of LPS to TLR4 in primary Kupffer cells. LPS is a well-known
TLR4 ligand that can bind to the TLR4 complex on host cell membranes such as monocytes
and macrophages [32]. This leads to activation of inflammatory responses, and we therefore
performed an experiment to evaluate the effect of DA on LPS binding to the cells using primary
Kupffer cells. The cells were incubated with DA at 1, 2, and 4 pM, fluorescein-conjugated LPS
and anti-TLR4 antibodies. Then, LPS binding was analyzed with high-content cell imaging.
Anti-TLR4 antibodies were used as a positive control. As Fig. 6A shows, cells were incubated
with anti-TLR4 antibodies, which led to almost complete blockage of the binding of LPS to
primary Kupffer cells in which little fluorescence was observed around cells, whereas LPS-
label fluorescence gradually increased in cells incubated with LPS only over an extended
time. However, LPS binding could be blocked by DA in all tested concentrations and DA in 2
and 4 pM was statistically significant compared with LPS only in Kupffer cells.

To further confirm the inhibitory effect of DA on LPS-induced pro-inflammatory cytokine
production, we examined LPS-induced cytokine levels using an ELISA in the media of Kupffer
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Fig. 5. DA treatment inhibited LPS-stimulated NF-kB activation in BDL mice and primary Kupffer cells. (A)
Representative blots and densitometry data of liver NF-kB protein expression in BDL mice following LPS
with and without DA treatment. (B) The data are expressed as the mean + SEM from three independent
experiments. n=5, **p<0.01, between indicated groups. Data were normalized to GAPDH. (C) High-content
cell imaging showed DA inhibited activation of NF-kB by LPS-induced at all given concentration in Kupffer
cells. (D) The data are expressed as the mean + SEM from three independent experiments. n=3. **p<0.01,
between indicated groups.
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Fig. 6. DA treatment decreased LPS binding to Kupffer cells. (A) High-content cell imaging showed DA could
effectively block red fluorescein-conjugated LPS binding to the primary Kupffer cells. Representative of 4 sets
of experiments. (B) TNF-a and IL-6 production detected by an ELISA in the media of Kupffer cells stimulated
with LPS (1 pg/ml) for 6 h alone or in combination with DA at 1, 2 or 4 uM. The data are expressed as the
mean * SEM from three independent experiments. n=4, **p<0.01, between indicated groups.

cells stimulated with LPS (1 pg/ml) for 6 h alone or in combination with DA at 1, 2, and 4 uM.
As expected, DA at a 2 uM concentration could efficiency inhibit TNF-a and IL-6 production
in a concentration-dependent manner, as shown in Fig. 6B (p < 0.01). In addition, we also
observed the inhibitory effect of DA on LPS-induced pro-inflammatory cytokine production
on primary Kupffer cells isolated from BDL mice and human LX-2 cells. Fig. 7A showed that
DA at 2 and 4 uM concentration exerted inhibitory effect on TNF-a production (p < 0.05 or p
< 0.01) on BDL-Kupffer cells and BDL-Kupffer cells with LPS (100ng/ml). Although DA at 2
and 4 uM concentration could efficiently inhibit IL-6 production (p < 0.05) on BDL-Kupffer
cells, the effect of DA inhibition in BDL-Kupffer cells with LPS was at 4 uM concentration
(Fig. 7B, p < 0.05). Moreover, DA at 2 or 4 uM also significantly inhibited LPS-stimulated
production of TNF-a and IL-6 (Fig. 8, p < 0.05 or p < 0.01) in human LX-2 cells. These results
of ex vivo suggest that DA alleviate LPS-induced inflammatory responses in primary Kupffer
cells and hepatic stellate cells which could be through TLR4.
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Fig. 7. DA treatment inhibited LPS-induced inflammatory cytokine production on primary Kupffer cells
isolated from BDL mice. (A) TNF-a and (B) IL-6 production detected by ELISA in the media of Kupffer
cells stimulated with LPS (100 ng/ml) for 6 h alone or in combination with DA at 1, 2 or 4 pM. The data
are expressed as the mean + SEM from three independent experiments. n=3, *p<0.05, **p<0.01, between
indicated groups.
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Fig. 8. DA treatment inhibited LPS-induced inflammatory cytokine production on human LX-2 cells. (A)
TNF-a and (B) IL-6 production detected by ELISA in the media of human LX-2 cells stimulated with LPS (100
ng/ml) for 6 h alone or in combination with DA at 1, 2 or 4 pM. The data are expressed as the mean + SEM
from three independent experiments. n=3, *p<0.05, **p<0.01, between indicated groups.

Discussion

Several lines of evidence have shown that biliary obstruction causes endotoxemia,
systemic inflammatory responses and liver injury, leading to increased mortality, and
these complications can be life threatening [1, 33]. In addition, biliary obstruction results
in function impaired of intestinal barrier and the translocation of enteric bacteria to
the systemic circulation, patients are susceptible to septic complications not only with
cholangiovenous reflux but also with increased bacterial translocation from the gut to the
systemic circulation. However, there is still no good method for treating biliary obstruction
clinically. In the present study, we showed that LPS administration in cholestatic mice greatly
induced hepatocellular damage and the expression levels of proinflammatory cytokines; it
also induced a significant increase in NF-kB activation and a significant increase in the level
of TLR4 expression and resulting in a significant increase in lethality. DA treatment could
reverse the adverse effects of LPS in cholestatic mice and thus reduce mortality in BDL mice.
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Andrographis paniculata is widely used as a Chinese herbal remedy to reduce
inflammationand removetoxins.Ithastraditionallybeenusedtotreatliver diseases. Moreover,
accumulating evidence has demonstrated that andrographolide has anti-inflammatory
effects [34]. DA is a natural compound that is purified from Andrographis paniculata and
possesses anti-inflammatory, anti-platelet and anti-hypertensive pharmacological effects. In
our previous study, we showed that DA treatment protected against liver damage and fibrosis
through development of a hepatic adaptive response and inhibition of the activation of HSCs
following BDL in mice [19]. Thus, we hypothesize that DA can also inhibit inflammation
and increase the effect of protection against liver damage in biliary obstruction mice. To
accurately reproduce the clinical conditions of biliary obstruction and inflammation, we
developed a mouse model of BDL with LPS injection via the ileocecal vein because LPS can
induce a higher grade of liver necrosis and mortality in jaundiced rats [35]. Even a very small
dose of injected LPS can also result in severe liver damage. After DA treatment, H&E staining
showed a greatly improved phenotype of BDL following LPS-induction, which reduced
inflammatory cell infiltration, bile duct proliferation and biliary necrosis in mice (Fig. 1D).
The levels of TBIL and ALT were significantly decreased in BDL-LPS mice treated with DA
(Fig. 1A). Moreover, DA also significantly prolonged survival of BDL mice with LPS (Fig. 2).
According to these results, DA exerts a hepatic protective effect in liver injury caused by
biliary obstruction in mice.

Manymoleculesparticipateineverystage ofthe earlyimmuneresponseandinflammatory
reactions and are modulated by NF-kB, including TNF-o, and IL-6 [36]. In particular, NF-
kB is an essential transcription factor that is necessary for TNF-a and IL-6 transcription
[37]. In addition, pro-inflammatory cytokines such as TNF-a and IL-6 can decrease bile flow,
further leading to cholestasis [4]. In contrast, the development of cholestasis can also result
in inflammation and further deterioration. Previous studies have demonstrated that DA can
reduce inflammatory responses [38]. To clarify the mechanisms underlying the effect of DA
on inflammatory response in the BDL mice with LPS, we assessed the levels of TNF-a and
IL-6 expression and NF-kB activation by ELISA and Western blot. As expected, DA treatment
reduced NF-kB quantities (Fig. 5), accompanied by decreased TNF-a and IL-6 expression
(Fig. 3) in BDL mice with LPS.

In addition, Kupffer cells express TLR4 and is capable of respond to extremely
low concentrations of LPS in liver [14], and liver Kupffer cells also play a critical role in
inflammation [39-42]. LPS binds to TLR4 and transduces subsequent signals that result in
upregulation of the inflammatory response [35, 43]. It was also clearly demonstrated that
blocking of TLR4 signaling or NF-kB activation effectively reduced liver damage in biliary
obstruction. Our data displayed that LPS-induced activation of NF-kB could be inhibited by
DA at all given concentrations in Kupffer cells (Fig. 5). Accordingly, we hypothesized that DA
could block LPS binding to TLR4 in primary Kupffer cells and regulates subsequent signaling
pathways that lead to decreased inflammatory responses. In this study, we used high-content
cell imaging to demonstrate that DA inhibited the combination of LPS and TLR4 in primary
Kupffer cells (Fig. 6A). Furthermore, we also found that the expressions of TNF-a and IL-6
by LPS-induction were decreased in Kupffer cells with DA treatment (Fig. 6B). According
to these data, DA inhibition of pro-inflammatory cytokine production depended on TLR4
in primary Kupffer cells. It also implied that there is a regulatory relationship between DA,
TLR4, NF-kB, TNF-a and IL-6 in the inflammatory processes induced by LPS. Moreover, the
exact mechanism for how TLR4 adjusts the subsequent signaling pathway will be elucidated
in the future.

Conclusion

Our studies demonstrated that DA could decrease TNF-a and IL-6 production in BDL
mice or primary Kupffer cells treated with LPS. This effect was mediated through the
prevention of LPS binding to TLR4 and subsequent inhibition of the NF-kB signaling pathway.
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DA may become a novel therapeutic drug for patients with biliary obstruction and a severe
inflammatory reaction.

Acknowledgements

This study was supported by the National Natural Science Foundation of China [No.
31571184] and Liaoning BaiQianWan Talents Program [No.2017101] and Liaoning Province
Natural Science Foundation [No. 20170540374].

Conceived and designed the experiments: LHL, ZYW. Performed the experiments: ZYW,
YC, JX, XFL, JHH, FY, LHL. Analyzed the data: LHL, ZYW, YC. Contributed reagents/materials/
analysis tools: LHL, ZYW. Wrote the paper: LHL.

Disclosure Statement

The authors declare no competing financial interests.

References

»>1 Trauner M, Fickert P, Stauber RE: Inflammation-induced cholestasis. ] Gastroenterol Hepatol 1999;14:946-
959.

»2 Richter L, Hesselbarth N, Eitner K, Schubert K, Bosseckert H, Krell H: Increased biliary secretion of
cysteinyl-leukotrienes in human bile duct obstruction. ] Hepatol 1996;25:725-732.

>3 Lechner AJ, Velasquez A, Knudsen KR, Johanns CA, Tracy TF Jr, Matuschak GM: Cholestatic liver injury
increases circulating TNF-alpha and IL-6 and mortality after Escherichia coli endotoxemia. Am ] Respir Crit
Care Med 1998;157:1550-1558.

>4 lida A, Yoshidome H, Shida T, Kimura F, Shimizu H, Ohtsuka M, Morita Y, Takeuchi D, Miyazaki M: Does
prolonged biliary obstructive jaundice sensitize the liver to endotoxemia? Shock 2009;31:397-403.

»5 Moseley RH: Sepsis-associated cholestasis: Gastroenterology 1997;112:302-306.

»6 Moseley RH: Sepsis and cholestasis. Clin Liver Dis 2004;8:83-94.

»7 Kennedy JA, Lewis H, Clements WD, Kirk SJ, Campbell G, Halliday MI, Rowlands BJ: Kupffer cell blockade,
tumour necrosis factor secretion and survival following endotoxin challenge in experimental biliary
obstruction. Br ] Surg 1999;86:1410-1414.

>3 Fujiwara Y, Shimada M, Yamashita Y, Adachi E, Shirabe K, Takenaka K, Sugimachi K: Cytokine
characteristics of jaundice in mouse liver. Cytokine 2001;13:188-191.

»9 Giakoustidis DE, Iliadis S, Tsantilas D, Papageorgiou G, Kontos N, Kostopoulou E, Botsoglou NA, Gerasimidis
T, Dimitriadou A: Blockade of Kupffer cells by gadolinium chloride reduces lipid peroxidation and
protects liver from ischemia/reperfusion injury. Hepatogastroenterology 2003;50:1587-1592.

»10 ShimazuR, Akashi S, Ogata H, Nagai Y, Fukudome K, Miyake K, Kimoto M: MD-2, a molecule that confers
lipopolysaccharide responsiveness on Toll-like receptor 4. ] Exp Med 1999;189:1777-1782.

»11 Rifkin IR, Leadbetter EA, Busconi L, Viglianti G, Marshak-Rothstein A: Toll-like receptors, endogenous
ligands, and systemic autoimmune disease. Inmunol Rev 2005;204:27-42.

»12 LiuS, Khemlani LS, Shapiro RA, Johnson ML, Liu K, Geller DA, Watkins SC, Goyert SM, Billiar TR: Expression
of CD14 by hepatocytes: upregulation by cytokines during endotoxemia. Infect Immun 1998;66:5089-
5098.

»13  Scott MJ, Billiar TR: 32-Integrin-induced p38 MAPK Activation Is a Key Mediator in the CD14/TLR4/MD2-
dependent Uptake of Lipopolysaccharide by Hepatocytes. ] Biol Chem 2008;283:29433-29446.

»14 Oyas, Yokoyama Y, Kokuryo T, Uno M, Yamauchi K, Nagino M: Inhibition of Toll-like receptor 4 suppresses
liver injury induced by biliary obstruction and subsequent intraportal lipopolysaccharide injection. Am ]
Physiol Gastrointest Liver Physiol 2014;306:G244-252.

»15 Whiting JF, Green RM, Rosenbluth AB, Gollan JL: Tumor necrosis factor-alpha decreases hepatocyte bile salt
uptake and mediates endotoxin-induced cholestasis. Hepatology 1995;22:1273-1278.

1135


http://dx.doi.org/10.1159%2F000493292

Cellular Phy5|ology Cell Physiol Biochem 2018;49:1124-1137
DO!

»>16

»17

»>18

>19

»20

»21

»22

»23

»24

»25

»26

»27

»28

»29

»30

»31

»32

>33
>34

»35

»36

»37

© 2018 The Author(s). Published by S. Karger AG, Basel

[ 101159/000493292
and B|0Chem|stry Published online: 6 September, 2018 www.karger.com/cpb 1136

Weng et al.: Anti-Inflammatory Activity of DA in Bile Duct-Ligated Mice

Geier A, Fickert P, Trauner M: Mechanisms of disease: mechanisms and clinical implications of cholestasis
in sepsis. Nat Clin Pract Gastroenterol Hepatol 2006;3:574-585.

Xu FL, You HB, Li XH, Chen XF, Liu Z], Gong JP: Glycine attenuates endotoxin-induced liver injury by
downregulating TLR4 signaling in Kupffer cells. Am ] Surg 2008;196:139-148.

Ma ], Shi H, Mi C, Li HL, Lee J], Jin X: Malloapelta B suppresses LPS-induced NF-kB activation and NF-kB-
regulated target gene products. Int Inmunopharmacol 2015;24:147-152.

Weng Z, Liu X, Hu ], Mu ], Xie ], Yao C, Li L: Protective effect of dehydroandrographolide on obstructive
cholestasis in bile duct-ligated mice. Oncotarget 2017;8:87903-87913.

Kamdem RE, Sang S, Ho CT: Mechanism of the superoxide scavenging activity of neoandrographolide - a
natural product from Andrographis paniculata Nees. ] Agric Food Chem 2002;50:4662-4665.

Negi AS, Kumar JK, Lugman S, Shanker K, Gupta MM, Khanuja SP: Recent advances in plant
hepatoprotectives: a chemical and biological profile of some important leads. Med Res Rev 2008;28:746-
772.

Chao WW, Kuo YH, Lin BF: Anti-inflammatory Activity of New Compounds from Andrographis paniculata
by NF-KB Transactivation Inhibition. ] Agric Food Chem 2010;58:2505-2512.

Yoopan N, Thisoda P, Rangkadilok N, Sahasitiwat S, Pholphana N, Ruchirawat S, Satayavivad J:
Cardiovascular effects of 14-deoxy-11, 12-didehydroandrographolide and Andrographis paniculata
extracts. Planta Med 2007;73:503-511.

Thisoda P, Rangkadilok N, Pholphana N, Worasuttayangkurn L, Ruchirawat S, Satayavivad J: Inhibitory effect
of Andrographis paniculata extract and its active diterpenoids on platelet aggregation. Eur ] Pharmacol
2006;553:39-45.

Chao WW, Kuo YH, Hsieh SL, Lin BF: Inhibitory Effects of Ethyl Acetate Extract of Andrographis paniculata
on NF-kB Trans-Activation Activity and LPS-Induced Acute Inflammation in Mice. Evid Based Complement
Alternat Med 2011;2011:254531.

Li L, Weng Z, Yao C, Song Y, Ma T: Aquaporin-1 Deficiency Protects Against Myocardial Infarction by
Reducing Both Edema and Apoptosis in Mice. Sci Rep 2015;5:13807.

Abe T, Arai T, Ogawa A, Hiromatsu T, Masuda A, Matsuguchi T, Nimura Y, Yoshikai Y: Kupffer cell-

derived interleukin 10 is responsible for impaired bacterial clearance in bile duct-ligated mice.
Hepatology 2004;40:414-423.

Bourgognon M, Klippstein R, Al-Jamal KT: Kupffer Cell Isolation for Nanoparticle Toxicity Testing. ] Vis Exp
2015;102: 52989.

da Silva Correia ], Soldau K, Christen U, Tobias PS, Ulevitch R]: Lipopolysaccharide is in close proximity to
each of the proteins in its membrane receptor complex. transfer from CD14 to TLR4 and MD-2. ] Biol Chem
2001;276:21129-21135.

Gilmore TD: Introduction to NF-kB: players, pathways, perspectives. Oncogene 2006;25:6680-6684.
Doyle SL, O’Neill LA: Toll-like receptors: from the discovery of NFkappaB to new insights into
transcriptional regulations in innate immunity. Biochem Pharmacol 2006;72:1102-1113.

Wang L, Harrington L, Trebicka E, Shi HN, Kagan ]JC, Hong CC, Lin HY, Babitt JL, Cherayil BJ: Selective
modulation of TLR4-activated inflammatory responses by altered iron homeostasis in mice. ] Clin Invest
2009;119:3322-3328.

Trauner M, Meier PJ, Boyer JL: Molecular pathogenesis of cholestasis. N Engl ] Med 1998;339:1217-1227.
Parichatikanond W, Suthisisang C, Dhepakson P, Herunsalee A: Study of anti-inflammatory activities of the
pure compounds from Andrographis paniculata (burm.f.) Nees and their effects on gene expression. Int
Immunopharmacol 2010;10:1361-1373.

Abraham S, Szabo A, Kaszaki ], Varga R, Eder K, Duda E, Lazar G, Tiszlavicz L, Boros M, Lazar G Jr: Kupffer
cell blockade improves the endotoxin-induced microcirculatory inflammatory response in obstructive
jaundice. Shock 2008;30:69-74.

Lim CA, Yao F, Wong J], George ], Xu H, Chiu KP, Sung WK, Lipovich L, Vega VB, Chen ], Shahab A, Zhao XD,
Hibberd M, Wei CL, Lim B, Ng HH, Ruan Y, Chin KC: Genome-wide mapping of RELA(p65) binding identifies
E2F1 as a transcriptional activator recruited by NF-kappaB upon TLR4 activation. Mol Cell 2007;27:622-
635.

Fiorotto R, Scirpo R, Trauner M, Fabris L, Hoque R, Spirli C, Strazzabosco M: Loss of CFTR affects

biliary epithelium innate immunity and causes TLR4-NF-kB-mediated inflammatory response in mice.
Gastroenterology 2011;141:1498-1508.


http://dx.doi.org/10.1159%2F000493292

Cellular Phy5|ology Cell Physiol Biochem 2018;49:1124-1137
DO!

»>38

»39

> 40

»41

> 42

»>43

© 2018 The Author(s). Published by S. Karger AG, Basel

[ 10.1129/000493297
and B|0Chem|stry Published online: 6 September, 2018 www.karger.com/cpb 1137

Weng et al.: Anti-Inflammatory Activity of DA in Bile Duct-Ligated Mice

LiY, Yan H, Zhang Z, Zhang G, Sun Y, Yu P, Wang Y, Xu L: Andrographolide derivative AL-1 improves insulin
resistance through down-regulation of NF-kB signalling pathway. Br ] Pharmacol 2015;172:3151-3158.
Yang X, Liang L, Zong C, Lai E, Zhu P, Liu Y, Jiang ], Yang Y, Gao L, Ye F, Zhao Q, Li R, Han Z, Wei L: Kupffer
cells-dependent inflammation in the injured liver increases recruitment of mesenchymal stem cells in
aging mice. Oncotarget 2016;7:1084-1095.

Robert O, Boujedidi H, Bigorgne A, Ferrere G, Voican CS, Vettorazzi S, Tuckermann JP, Bouchet-Delbos L,
Tran T, Hemon P, Puchois V, Dagher [, Douard R, Gaudin F, Gary-Gouy H, Capel F, Durand-Gasselin I, Prévot
S, Rousset S, Naveau S et al.: Decreased expression of the glucocorticoid receptor-GILZ pathway in Kupffer
cells promotes liver inflammation in obese mice. ] Hepatol 2016;64:916-924.

Movita D, van de Garde MD, Biesta P, Kreefft K, Haagmans B, Zuniga E, Herschke E, De Jonghe S, Janssen
HL, Gama L, Boonstra A, Vanwolleghem T: Inflammatory monocytes recruited to the liver within 24 hours
after virus-induced inflammation resemble Kupffer cells but are functionally distinct. ] Virol 2015;89:4809-
4817.

Krohn N, Kapoor S, Enami Y, Follenzi A, Bandi S, Joseph B, Gupta S: Hepatocyte transplantation-induced
liver inflammation is driven by cytokines-chemokines associated with neutrophils and Kupffer cells.
Gastroenterology 2009;136:1806-1817.

Miyaso H, Morimoto Y, Ozaki M, Haga S, Shinoura S, Choda Y, Iwagaki H, Tanaka N: Obstructive jaundice
increases sensitivity to lipopolysaccharide via TLR4 upregulation: possible involvement in gutderived
hepatocyte growth factor-protection of hepatocytes. ] Gastroenterol Hepatol 2005;20:1859-1866.


http://dx.doi.org/10.1159%2F000493292

	OLE_LINK1

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 
	CitRef_40: 
	CitRef_41: 
	CitRef_42: 
	CitRef_43: 


