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ABSTRACT

Andrographolide (Andro), a well-known labdane diterpenoid of Andrographis
paniculata, has been reported to have anti-inflammatory effects in various
inflammatory disease models. Despite ongoing efforts to elucidate the anti-
inflammatory mechanism of Andro, its specific mechanism is not entirely clear. In this
study, we confirmed the inhibitory effect of Andro on inflammatory activity and studied
its mechanism in depth to find potential anti-inflammatory targets of Andro using
lipopolysaccharide (LPS)-induced macrophages in vitro and a dextran sulfate sodium
(DSS)-induced mouse model of acute colitis in vivo. We found that Andro significantly
reduced proinflammatory cytokines by suppressing nuclear factor kappa B (NF-«B),
mitogen-activated protein kinase (MAPK) and their upstream signaling pathways and
activating the AMP activated protein kinase (AMPK) pathway in LPS-induced
macrophages. Interestingly, Andro could not regulate the activation of the AMPK/NF-
kB/MAPK pathway nor inhibit NF-kB and activator protein 1 (AP-1) nuclear
translocation and nitric oxide (NO) production following knockdown of AMPKa?2.
Moreover, Andro attenuated DSS-induced intestinal barrier dysfunction and
inflammation by suppressing the NF-kB and MAPK pathways in colon tissues while
activating the AMPK pathway. In conclusion, our study demonstrates that Andro
effectively inhibits LPS-induced inflammatory responses via AMPK activation in

macrophages, whereby Andro can ameliorate DSS-induced acute colitis in mice.
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Abbreviations: AMPK, AMP activated protein kinase; Andro, Andrographolide; AP-1,
activator protein-1; CD, Crohn’s disease; COX-2, cyclooxygenase-2; DSS, dextran
sulfate sodium; ERK, extracellular signal regulated kinase; IBD, inflammatory bowel
disease; IkBa, nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha; IKKa/p, 1kB kinase o/; IL, Interleukin; iNOS, inducible nitric oxide
synthase; JNK, c-Jun NHz-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-
activated protein kinase; NF-kB, nuclear factor kappa B; NO, nitric oxide; SASP,
sulfasalazine; siRNA, small interference ribonucleic acid; TLR4, Toll-like receptor 4;

TNF-a, tumor necrosis factor-o.; UC, ulcerative colitis.



1. Introduction

Andrographolide (Andro) is a natural compound isolated from Andrographis
paniculate (Burm. f.) Nees which has long been used in China, India, and other parts
of Asia for the treatment of inflammation-related diseases such as flu, upper respiratory
tract infection, diarrhea and dysentery(*-®l. Previous studies have suggested that Andro
has a wide range of biological activities including anti-viral™, anti-cancer”"” and anti-

BB effects. Among them, its anti-inflammatory effects have been

inflammatory'
caused by suppressing NF-kB/MAPK signaling pathway and activating nuclear factor
E2-related factor 2 (Nrf2) signaling pathway in LPS- or tumor necrosis factor (TNF)-

[1, 6]

a-induced immune cells'" ", as well as in a variety of inflammatory disease models,

such as asthma"*'®, chronic obstructive pulmonary disease (COPD)""", hepatitis"”,

21-24
224 and so on. Nevertheless, the molecular

inflammatory bowel disease (IBD)
mechanism underlying the anti-inflammatory properties of Andro is still not fully clear

and therefore requires further elucidation.

Macrophages are major immune cells that are regarded as key cellular components
in the initiation, maintenance and resolution of inflammation"”. Activated macrophages
by LPS (or LPS and interferon (IFN)-y) induce innate immune response and produce
proinflammatory mediators that lead to inflammation™'. Therefore, macrophages are
targeted as a potential therapeutic intervention for controlling inflammatory diseases,

such as inflammatory bowel disease (IBD)™*"*".

IBD, which is composed mainly of ulcerative colitis (UC) and Crohn’s disease (CD),
represents intestinal inflammatory disorders, although the pathogenesis of IBD still
remains unknown; however, it is believed to involve the gut microbiota, environmental
and genetic factors that regulate the mucosal immune response and barrier function"”.
In the past several decades, the incidence of IBD has rapidly increased worldwide and

even increased the risk of colon cancer”. Furthermore, the current drugs for IBD are

limited, the rate of sustained remission is low, and some drugs, such as anti-TNF agents,



also increase the risk of severe infection and malignant tumors”’. Because of the
growing need for safe and effective IBD treatment, the potential of natural products for

IBD treatment has gained increased attention.

The purpose of the present study was to confirm the anti-inflammatory effect of
Andro and investigate the underlying mechanism of Andro-associated inflammation
control, which may provide a scientific basis for the future development of anti-

inflammatory drugs to treat IBD.

2. Materials and methods
2.1. Chemicals and Reagents

Andrographolide (PubChem CID:5318517) was purchased from Selleckchem
(Houston, TX, USA), purity>99% based on HPLC analysis. Dimethyl sulfoxide
(DMSO) was the control in the all cell experiments and the final concentration of
DMSO was adjusted to 0.1% (v/v) in culture media. DMSO, LPS (E. coli, O55 : BS),
IFN-y, MTT, phorbol-12-myristate-13-acetate (PMA) and sulfasalazine (SASP) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). DSS (MW: 36,000-50,000 Da)
was purchased from MP Biomedicals (Solon, OH, USA). AICAR and Compound C
were purchased from Millipore (Billerica, MA, USA). Dulbecco’s modified Eagle
medium (DMEM), RPMI 1640, and fetal bovine serum (FBS) were purchased from
Thermo Fisher Scientific (Grand Island, NY, USA). Penicillin-streptomycin was

purchased from GENOM (Hangzhou, China).
2.2. Culture and activation of macrophages

The murine macrophage cell line RAW264.7 was obtained from the Shanghai
Institutes for Biological Sciences (SIBC) cell line stock and cultured in DMEM
supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin and 100 g/ml

streptomycin. The human promonocytic leukemia cell line U937 was maintained in



RPMI 1640 medium with 10% heat-inactivated FBS, 100 U/ml penicillin and 100 g/ml
streptomycin. All cell lines were incubated at 37 °C with 5% CO, in humidified
atmosphere. For differentiation of U937 into macrophages, 1x10° U937 cells were
incubated for 48 h with 100 ng/ml PMA and then had a resting period of 24 h in the
culture medium without PMA. The primary macrophage BMDMs (Bone marrow

derived macrophages) from mice were prepared as described previously'™.
2.3. Griess and ELISA assay

RAW264.7 (5%10° cells/ml in 12-well plate) cells were pretreated with or without
Andro for 1 h and then incubated with or without LPS for 12 h (for ELISA assay) or 24
h (for Griess assay). After cell culture supernatants were collected, NO production was
determined by measuring nitrite content using the Griess Reagent System (Promega,
Madison, WI, USA). Interleukin (IL)-6, TNF-a. and IL-1B concentrations were
determined using Duo Set ELISA Kits (R&D Systems, Minneapolis, MN, USA). The

experiment was conducted following the manufacturer’s instructions.
2.4. Quantitative real-time PCR

The total RNA of RAW264.7 cells or colon tissues was isolated using RNAiso Plus
(TaKaRa, Mountain View, CA, USA) according to the manufacturer’s instructions.
After the concentration of RNA was measured by spectrophotometer (DeNovix,
Wilmington, DE, USA), 1 pg of RNA was reverse transcribed into cDNA using the
PrimeScript RT Reagent Kit (TaKaRa, Mountain View, CA, USA), and gene
amplification was detected by SYBR-based quantitative PCR analysis (SYBR Green
Real-time PCR Master Mix, TOYOBO, Osaka, Japan). The PCR cycles were as
follows: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60°C for 1 min.
The results were analyzed using the 2™ method. The relative gene expression was
normalized to B-actin (for RAW264.7 cells) or GAPDH (for colon tissues) expression.

The following primers (Generay Biotech, Shanghai, China) were used in the reaction:

IL-6 (mouse) forward: 5’-CTGCAAGAGACTTCCATCCAGTT-3’, reverse: 5’-



GAAGTAGGGAAGGCCGTGG-3; TNF-a (mouse) forward: 5’-
CGAGTGACAAGCCTGTAGC-3’, reverse: 5’-GGTGTGGGTGAGGAGCACAT-3’;
IL-18  (mouse) forward: 5’-ATGTGCTGCTGCGAGATTTGA-3’, reverse: 5’-
TGCCACCTTTTGACAGTGATG-37; B-actin (mouse) forward: 5'-
GTATGGAATCCTGTGGCATC-3', reverse: 5-CGTACTCCTGCTTGCTGATC-3};
GAPDH (mouse) forward: 5-AAATCCCATCACCATCTTCC-3, reverse: 5'-
TCACACCCTGACGAACA-3.

2.5. Western blotting

Protein extraction, Western blotting, and densitometry were performed as described
previously™. The following anti-bodies were used for Western blot analysis: iNOS,
COX-2, phospho-IKK«/3 IKKd/B phospho-IiBo, IiBa, phospho-ERK1/2, ERK1/2,
phospho-JNK, INK, phospho-p38, p38, MyD88, phosphor-IRAK4, IRAK4, B-actin,
p65, phospho-c-Jun, c-Fos, B-tubulin, phospho-AMPKa, AMPKa, phospho-LKBI,
phospho-ACC, phospho-Akt, phospho-mTOR, phospho-Bad, phospho-p70S6K,
phospho-PRAS40, phospho-GSK3p, phospho-S6RP, phospho-Statl, Caspase3
(cleaved), phospho-Stat3 (Cell Signaling Technology, Danvers, MA, USA), Toll-like
receptor 4 (TLR4) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), Lamin A+C,
AMPKa2 (Abcam, Cambridge, England), Peroxidase-Labeled Anti-Rabbit IgG (H+L)
Antibody and Peroxidase-Labeled Anti-mouse 1gG (H+L) Antibody (KPL, Milford,
MA, USA).

2.6. Preparation of nuclear and cytosolic extracts

RAW264.7 and U937 cells (1x10°cells/ml) were treated with or without LPS for 30
min. The nuclear and cytosolic extracts of the cells were prepared by the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology, Shanghai, China)
according to the manufacturer’s instructions, and then Western blot analysis was

performed.

2.7. Immunofluorescence (IF)



RAW264.7 and U937 cells (1x10° cells/ml) were seeded on coverslips in 12-well
plates and cultured overnight. After drug and LPS treatment, cells were fixed with 4%
Paraformaldehyde (Sangon Biotech, Shanghai, China) for 15 min, treated with 0.3%
Triton X-100 (BioFroxx, Einhausen, Germany) for 10 min and then blocked with 5%
bovine serum albumin (BSA) (Biosharp, Hefei, China) in PBS (Maixin Biotech,
Fuzhou, China) for 1 h. After that, they were incubated with different primary
antibodies for p65 (1:400), p-c-Jun (1:100) and c-Fos (1:6400) at 4°@vernight. The cells
were incubated with FITC-labeled goat anti-rabbit IgG (1:500, Beyotime
Biotechnology, Shanghai, China) for 1.5 h at room temperature. The nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) (Southern Biotech, Birmingham,
AL, USA) for 2 h in the dark. Cell imaging was performed and captured by confocal

laser scanning microscope (Olympus Corp., Tokyo, Japan).
2.8. Intracellular signaling array

BMDMs (1x10° cells/ml) were treated with or without LPS (10 ug/mL) and IFN-y
(20 ng/ml) for 15 min. The prepared cell lysates were used to detect the indicated
cellular proteins and signaling nodes by the PathScan® Intracellular Signaling Array
Kit (Cell Signaling Technology, Danvers, MA, USA) according to the manufacturer’s

instructions.
2.9. Transfection of siRNA

RAW264.7 cells (2x10° cells/ml) were cultured for 16 h in serum-free DMEM
and transfected with pre-designed Mouse Prkaa2 siRNA (GenePharma, Shanghai
, China) or negative control siRNA (GenePharma, Shanghai, China) utilizing si
RNA-Mate transfection reagent (GenePharma, Shanghai, China) according to the
manufacturer’s manuals. The medium was changed 48 h after siRNA transfect
ion. The following siRNA duplexes were used in the transfection: AMPKa2 si
RNA Sense: 5'-GCUGUGGAUCGCCAAAUUATT-3', Antisense: 5'-UAAUUUG

GCGAUCCACAGCTT-3'; Negative control siRNA Sense: 5'-GCGACGAUCUG



CCUAAGAUATAT-3’, Antisense: 5'-AUCUUAGGCAGAUCGUCGCATAT-3'.
2.10. Animals

BALB/c male mice (19£1 g, 6-8 weeks of age) were obtained from Shanghai SLAC
Animal Laboratory (Shanghai, China). All mice were kept in a specific pathogen-free
(SPF) room under a temperature of 22+1 °Chumidity of 55+5% and a 12/12 h light/dark
cycle. All animal experiments were conducted in accordance with the regulations on
teaching and research management of the Animal Center of Shanghai University of
Traditional Chinese Medicine (SHUTCM) after obtaining the approval of the Animal

Experimental Ethics Committee of SHUTCM.
2.11. Establishment of murine acute colitis model

Acute colitis was induced by the oral administration of 3.5% DSS as previously
described”™”. BALB/c mice were randomly divided into 5 groups: normal group, DSS
model group, Andro low-dose group, Andro high-dose group and sulfasalazine (SASP)
positive control group. On day 0 and day 7, mice in the DSS model group, Andro low-
and high-dose groups and positive control group were given 3.5% DSS drinking water;
the normal group was given sterile water. In our preliminary experiments, we found
that the toxicity of Andro in vivo was negligible at 200 mg/kg; however, the colonic
wall of the 200 mg/kg group became thin, so 50 and 100 mg/kg were selected as the
doses for subsequent animal experiments. On days 1-7, the low-dose group of Andro
was administered a dose of 50 mg/kg, the high-dose group of Andro was administered
a dose of 100 mg/kg, and the SASP positive control group was given a dose of 200
mg/kg. The corresponding dose of Andro or SASP was administered i.g. according to
the weight of each mouse; the DSS model group was given PBS. On day 8, the mice
were sacrificed and dissected, and colon tissue and spleen cells were collected for

subsequent experiments. Sample sizes were n =4 to 5 per group for all studies.

2.12. Disease activity evaluation, hematoxylin and eosin and immunohistochemistry



)[35, 36] 371

Disease activity index (DAI , hematoxylin and eosin (H&E) and
immunohistochemistry (IHC)"" were performed as described previously. Primary anti-
bodies against F4/80 and CD68 (Servicebio, Wuhan, China) were diluted 1:300, and
HRP-conjugated Goat Anti-Rabbit antibodies (Servicebio, Wuhan, China) were diluted

1:200 for IHC staining.
2.13. Statistical analysis

Data are presented as the mean + SD, which were calculated from at least triplicate
determinations. GraphPad Prism 5.0 software (La Jolla, CA, USA) was used to
calculate and statistically analyze the experimental data. The statistical significance
between two groups was determined by unpaired Student's t-test, and multiple
comparisons were conducted by one-way ANOVA with Tukey’s post hoc test. The

results were considered statistically significant when the p value was less than 5%.

3. Results

3.1. Andro inhibits the production of NO and proinflammatory cytokines without

affecting cell viability

First, we detected the cytotoxic effects of Andro on RAW264.7 cells (Fig. 1A) using
the MTT assay and found that Andro did not significantly affect cell viability at
concentrations ranging from 1 to 10 uM. Therefore, the concentration of Andro was no
more than 10 uM in subsequent experiments. To investigate the anti-inflammatory
effect of Andro, we determined NO production and iNOS and COX-2 protein
expression in LPS-stimulated macrophages. As expected, NO production (Fig. 1B) and
INOS and COX-2 protein expression (Fig. 1D) were markedly increased by LPS
stimulation in RAW264.7 cells; by contrast, Andro inhibited them in a dose-dependent
manner. Similar results were obtained from primary murine macrophage BMDMs (Fig.

1C and 1E).



Next, we determined whether Andro affected proinflammatory cytokines, which
increased the inflammatory response in LPS-stimulated RAW264.7 cells. The
secretion and mRNA levels of IL-6, TNF-a and IL-13 were measured by ELISA and
RT-PCR. LPS significantly increased the secretion (Fig. 1F) and mRNA levels (Fig.
1G) of IL-6, TNF-a and IL-1B in the control group, but Andro decreased the

expression of these cytokines in a dose-dependent manner.

3.2. Andro inhibits the activation of NF-kB/MAPK/TLR4-MyD&88 signaling pathways

in LPS-stimulated macrophages

We next evaluated the effect of Andro on LPS-induced NF-kB, MAPK and their
upstream signaling pathway, which are known as classical inflammatory pathways to
mediate the production of proinflammatory cytokines. Andro suppressed the
phosphorylation of IKKa/B, IkBa, ERK1/2, INK, p38 and IRAK4 in a dose-dependent
manner. Additionally, the degradation of IkBa and the activation of TLR4 and MyD88
were inhibited by Andro in LPS-stimulated RAW264.7 (Fig. 2A), BMDM (Fig. 2B)
and U937 (data not shown) cells. These Western blot results clearly demonstrate that
Andro is capable of inhibiting the LPS-induced NF-kB, MAPK and TLR4-MyD88

signaling pathways.

3.3. Andro inhibits NF-xB p65 and AP-1 nuclear translocation in LPS-stimulated

macrophages

To investigate the effect of Andro on NF-kB p65 and AP-1 nuclear translocation, we
performed measurements using Western blotting and IF. As shown in Western blot
analysis, when RAW264.7 (Fig. 3A) and U937 (data not shown) cells were stimulated
by LPS, Andro treatment significantly decreased the p-c-Jun and c-Fos protein levels
in both the cytoplasm and nucleus. Moreover, IF analysis also showed that Andro
significantly suppressed the nuclear translocation of p65, p-c-Jun and c-Fos in LPS-
stimulated RAW264.7 (Fig. 3B) and U937 (data not shown) cells. These results indicate

that Andro inhibits the nuclear translocation of the transcription factors NF-xB and AP-



1 in LPS-stimulated macrophages.
3.4. Andro activates the AMPK pathway in LPS-induced macrophages

To further investigate the specific anti-inflammatory mechanisms and potential
molecular targets of Andro, we used an intracellular signal array kit and Western
blotting to detect the expression of some specific proteins related to cell growth,
metabolism, apoptosis, etc., in LPS-induced BMDM and RAW264.7 cells (Fig. 4). The
results of the intracellular signal array kit showed that the cleaved Caspase-3 protein
level and the phosphorylation of Statl, Stat3, Akt, AMPKa, S6 Ribosomal Protein
(S6RP), mTOR, HSP27, Bad, p70S6K, p53, PRAS40, p38, SAPK/INK, PARP and
GSK3p3 on BMDMs were upregulated following LPS treatment (Fig. 4A and B).
Similar results were observed in RAW264.7 cells (Fig. 4C and D). However, the level
of AMPKa phosphorylation was significantly increased in BMDMs following LPS
treatment, but there was no significant change in Raw264.7 cells. In addition, Andro
not only reduced the cleaved Caspase-3 protein level and the phosphorylation of Akt,
mTOR, Bad, p70S6K, PRAS40, S6RP, Statl and Stat3 but also significantly increased
the phosphorylation of LKB1, AMPKoa, ACC, and GSK3p in LPS-induced RAW264.7
cells. We also detected the expression levels of procaspase-3 and the respective total
protein of Fig. 4C and 4D and then normalized to -actin, there were no differences
between the relative protein levels of each group (data not shown). These finding
suggest that Andro has a therapeutic effect on specific proteins involved in
inflammation, metabolism and apoptosis, especially those involved in regulating the

AMPK pathway.

3.5. AMPK activation is associated with the inhibitory effect of Andro on LPS-induced

NF-kB/MAPK pathways

In a recent study, AMPK activation was considered to participate in anti-
inflammatory functions in macrophages by inhibiting the NF-kB and MAPK signaling

pathways"™. To further validate the role of AMPK in the anti-inflammatory mechanism



of Andro, we compared the inhibitory effect of Andro with those of the AMPK activator
AICAR and AMPK inhibitor Compound C for the AMPK, NF-«xB and MAPK
pathways in LPS-induced RAW264.7 cells. In the AMPK signaling pathway, Andro
and AICAR both activated the phosphorylation of the LKB1, AMPKa, ACC and
GSK3p proteins and also inhibited the phosphorylation of mTOR and p70S6K (Fig.
5A). Simultaneously, Andro inhibited the degradation of IkBa and the phosphorylation
of the IKK o/, IkBa, ERK, JNK and p38 proteins in the NF-kB and MAPK signaling
pathways (Fig. 5B and C). AICAR also inhibited the phosphorylation of IkBa and the
degradation of IkBa but had no significant inhibitory effect on the phosphorylation of
IKKo/B, ERK, JNK and p38 protein levels. Compound C did not affect the activation
of the AMPK/NF-kB/MAPK pathways. These results show that AMPK activation may
be involved in the inhibitory effects of Andro on the NF-kB and MAPK pathways in

LPS-induced macrophages.
3.6. AMPK a2 knockdown reduces the anti-inflammatory functions of Andro

To further investigate whether the anti-inflammatory effects of Andro are dependent
or independent of AMPK, we used siRNA transfection for AMPKa2 gene silencing in
RAW264.7 cells. In our study, we observed that Andro significantly inhibited LPS-
induced NO production in the negative control group but not in AMPKa2-knockdown
macrophages (Fig. 6A). We next evaluated the effects of Andro on LPS-induced
AMPK/NF-B/MAPK signaling pathways following AMPKa2 knockdown. Andro-
induced LKB1 phosphorylation was not affected by AMPKa2 knockdown. However,
the Andro and AICAR-induced p-AMPKa upregulation were reduced by 80-90%
following AMPKa2 knockdown (P < 0.05). In parallel, the AMPKa2 expression levels
were all reduced by 60-80% compared with negative control group in AMPKa?2
knockdown RAW?264.7 cells (P < 0.05, 0.01 and 0.001). And their downstream
signaling proteins were not regulated by Andro in AMPK a2-knockdown macrophages.
These results suggest that AMPKa.2 knockdown by siRNA significantly decreased the

expression and activation of AMPKa (Fig. 6B and Fig. 7A). IKK o/ phosphorylation



was still suppressed by Andro but was not affected by AICAR in the presence of
AMPKa2 siRNA. However, Andro could not inhibit the phosphorylation and
degradation of lBa in AMPKa2-knockdown macrophages (Fig. 6C and Fig. 7B).
Moreover, the suppressive effects of Andro on the MAPK pathway were markedly
abrogated by AMPK a2 knockdown (Fig. 6D and Fig. 7C). We next examined whether
Andro inhibits NF-iB, p65 and AP-1 nuclear translocation in AMPKa2-knockdown
macrophages. We found that the nuclear transcriptional activities of p65, p-c-Jun and
c-Fos were not reduced by Andro after AMPKa2 knockdown (Fig. 8). These results
unequivocally demonstrate that the anti-inflammatory effects of Andro depend on

AMPK activation in LPS-induced macrophages.
3.7. Andro administration ameliorates DSS-induced acute colitis in mice

Based on the findings of our in vitro experiments, we next conducted in vivo studies
by establishing a DSS-induced colitis model. To determine whether Andro relieves the
symptoms of acute colitis in mice, the mouse disease activity index (DAI) was used for
evaluation. As shown in Fig. 9A, the administration of Andro attenuated the loss of
body weight. The DAI score of the Andro (100 mg/kg) treatment group was
significantly lower than that of the DSS treatment group (Fig. 9C), and colon shortening
was also significantly improved (Fig. 9B and D). H&E staining was used to observe
colon histological damages, and the results showed that DSS treatment induced
significant loss of colonic mucosa, glandular destruction or disappearance in the lamina
propria, and decreased the expression of goblet cells and the infiltration of large
numbers of inflammatory cells, but these histological changes were markedly
attenuated in the Andro (100 mg/kg) treatment group (Fig. 10A). The IHC analysis
demonstrated that CD68 and F4/80 macrophage infiltration was increased in the DSS
treatment group, but in contrast, infiltration was decreased in the Andro (100 mg/kg)

treatment group (Fig. 10B).

3.8. Andro suppresses the DSS-induced inflammatory response in acute colitis mice



model

To further demonstrate the anti-inflammatory effect of Andro in vivo, we detected
proinflammatory cytokines in colon and spleen tissues of DSS-induced acute colitis
model mice. Andro significantly reduced the mRNA levels of IL-6, TNF-aand IL-13
in colon tissues (Fig. 11A) while inhibiting the production of IL-6, TNF-oand IL-1f in
spleen tissues (Fig. 11B). We next determined the phosphorylation levels of the AMPK,
NF-kB and MAPK pathways by Western blotting. As expected, the results showed that
Andro upregulated the phosphorylation of LKB1, AMPKa, ACC and GSK3f. In
contrast, Andro markedly decreased the degradation of IkBa and the phosphorylation
levels of IKK, IkBa, ERK, JNK, p38, mTOR and p70S6K in the intestinal tissues of
DSS-induced acute colitis mice. These results indicate that Andro activates the AMPK
(Fig. 12A and D) pathway and inhibits the NF-xB (Fig. 12B and E) and MAPK (Fig.

12C and F) pathways in vivo.

4. Discussion

For decades, previous studies have reported that Andro has anti-inflammatory effects
in both in vitro and in vivo experimental inflammation models" ®*”. Andro and its
derivatives downregulate adhesion molecules, proinflammatory cytokines, chemokines,
lipid mediators and NO, mainly by inhibiting NF-kB activation*”. However, it is still
unclear how Andro affects NF-kB or other signaling pathways to inhibit inflammation.
Therefore, we confirmed the anti-inflammatory effects of Andro and explored its
underlying mechanism in this study. We found that Andro inhibits inflammatory
responses in LPS-induced macrophages via AMPK activation and improves DSS-

induced acute colitis in mice.

Macrophages play a critical role in the inflammatory process”". When inflammation
is triggered by pathogens, macrophages recognize different pathogen-associated

molecular patterns (PAMPs) by TLR4, for example, LPS, lipoteichoic acid (LTA),



other viral proteins, etc., and when they bind to the TLR4 complex, the NF-kB and
MAPK pathways are activated to promote the production of proinflammatory cytokines
(IL-1B, IL-6, IL-8 and TNF-q). Furthermore, the upregulation of the reactive oxygen
species (ROS), NO and prostaglandin (PG) E, lead to tissue damage and inflammation™”
1 Our data showed that Andro not only inhibited the NF-kB and MAPK pathways
but also affected their TLR4-mediated upstream signaling pathway and suppressed
downstream proinflammatory reactions in 3 different macrophage cell lines. Therefore,
our study strongly confirmed that Andro has anti-inflammatory effects in LPS-induced

macrophages.

However, despite the continuous research, the pathway leading to the de-activation
of these inflammatory signaling pathways by Andro was not fully revealed. Previous
studies have shown that bacterial endotoxin such as LPS not only increases the release
of pro-inflammatory cytokines but also induces apoptosis in the macrophages(“? 43, In
addition, LPS-induced macrophage activation triggers metabolic reprogramming
through increased glucose uptake and glycosis, which is required for inflammatory
response’". To find specific target genes and mechanisms of Andro, which affects the
NF-«B/MAPK/TLR4-MyD88 pathways, we tested the effects of Andro on some
specific marker proteins related to inflammation, metabolism, apoptosis, etc., in LPS-
induced macrophages (Fig.6). We observed that Andro has the most obvious effect on
the AMPK signaling pathway among the investigated other signaling pathways.
Although the results of AMPK phosphorylation through intracellular signaling array
contradict those obtained with Western blot analysis, AMPK activation by Andro was
clearly demonstrated in subsequent experiments. Moreover, previous study has
reported that Andro can activate LKB1-AMPK signaling pathway in human
nasopharyngeal carcinoma (NPC) cell line, C666-1 cells™. Therefore, in this study,
AMPK activation by Andro has been suggested as a therapeutic target in LPS-induced

macrophages.

AMPK is a major cellular energy sensor that regulates metabolism in eukaryotes, and



is also a serine/threonine kinase that consists of a catalytic o subunit (al and o2) and
regulatory B (B1 and B2) and y (1, y2 and y3) subunits”**". The phosphorylation of the
a subunit (Thr172) via several upstream kinases (LKB1, CaMKK) and allosteric
regulation of increased AMP concentration lead to AMPK activation™”. Accumulating
research suggests that AMPK activation exerts anti-inflammatory effect in several
immune cells including macrophage, neutrophils, T cells and mast cells™ ™. Yang Z,
et al. reported that AMPK activation inhibited NF-xB activation, phosphorylation of
the MAPK signaling pathway and the production of IL-1f, IL-6, iNOS, MCP-1 and
COX-2 in LPS-induced macrophages'*”". Likewise, our study demonstrated that Andro
markedly upregulated the AMPK pathway, while it downregulated the NF-xB and
MAPK pathways.

The catalytic subunit of AMPK complexes has two isoforms, al and a2. The
activation of the AMPKa2 isoform inhibited IKK phosphorylation and IkBa
degradation in endothelial cells (ECs) from AMPK2"* but not in ECs from AMPK®2"

“ AMPKa2 was also reported that its activation directly interact with TAK1 and

mice
inhibit TAK1-dependent MAPK signaling cascade in J774 macrophages™”. ERK1/2
inhibitor couldn’t regulate FceRI-dependent mast cell activation and anaphylaxis
following AMPK o2 knockdown™. Thus, we demonstrated the association between
AMPK activation and the NF-«xB/MAPK signaling pathways by using AMPKa2
siRNA silencing. Interestingly, we found that Andro could not regulate AMPK/NF-
kB/MAPK pathways, NF-xB and AP-1 nuclear translocation and NO production
following AMPKa?2 knockdown but still affected the phosphorylation of IKK and
LKBI. Previous reports showed that AICAR-mediated AMPK activation didn’t have
inhibitory effect on the phosphorylation of IKK in LPS-induced macrophages"”, but
Bess et al. reported that IKK is a direct substrate of AMPK a2 in ECs"". The role of
AMPK in the IKK phosphorylation is complicated and suggested that it’s mechanisms

[54]

may be depended on certain cell type™. Overall, our results indicated that Andro

inhibits NF-kB activation and the MAPK signaling pathway as well as the downstream



proinflammatory response initiated by AMPK activation in LPS-induced macrophages.

DSS is a synthetic chemical substance consisting of sulfated polysaccharide that
chemically damages the intestinal tract and causes an increase in bacterial invasion. In
the DSS-induced mice colitis model, DSS administration leads to body weight loss,
changes in stool consistency, rectal bleeding and histological damages including
intestinal goblet cell and mucin depletion, mucosal epithelial erosion and/or ulceration,
and an influx of immune cells in the lamina propria and submucosa, hereby inducing
immune responses”">”. Moreover, previous studies have shown that the DSS-induced
mice colitis model resembles the clinical and histological features of human UC"". Our
data showed that Andro significantly attenuated DSS-induced pathological changes and
histological damages. Andro was also reported to inhibit Th1/Th17 response and
promote Th2 response in the peripheral blood mononuclear cells (PBMCs) which were
isolated from UC patients™. 1L-23, which promote Th1/Th17 response, is induced by
lamina propria macrophages in the IBDPl, Macrophages are regarded as crucial
components of protective immunity and are involved in the pathology of IBD but also
maintain mucosal homeostasis with the microbiota and contribute to epithelial
renewal”” *”. Moreover, bacteria are recognized by TLR4 on macrophages in the
intestine, thereby activating the NF-xB and MAPK signaling pathways, which produce
a variety of proinflammatory cytokines and chemokines” ™. We demonstrated that
Andro reduced the production of proinflammatory cytokines by inhibiting the

activation of the NF-kB and MAPK signaling pathways in vivo.

In recent years, emerging evidence indicates that AMPK activation may act as a
central therapeutic target in the inflammatory response of murine colitis. AICAR, an
agonist of AMPK, not only activated AMPK, but also inhibited NF-«xB activation and
expression levels of Th1l- and Th17- type cytokines in acute and chronic experimental
colitis'”. The treatments with metformin, eupatilin, 6-gingerol, etc. were showed to
ameliorate DSS-induced mice colitis by suppressing proinflammatory cytokines and

improving intestinal epithelial barrier dysfunction by activating AMPK"**", Here, we



showed that Andro activates the AMPK pathway and reduced the downstream
proinflammatory response in DSS-induced colitis mice; these results suggest that
Andro treatment exerts anti-inflammatory effects on experimental colitis through

AMPK activation.

In summary, the findings of this study provide new insight into the anti-inflammatory
mechanism of Andro which inhibits inflammatory responses through AMPK activation
in vitro and in vivo, and the scientific basis for future anti-inflammatory drug

development for IBD treatment.
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Figure Legends

Fig. 1 Effects of Andro on the production of NO and proinflammatory cytokines in
LPS-induced macrophages. RAW?264.7 cells were treated with Andro at different
concentrations ranging from 1 to 100 uM for 24 h, and cell viability (A) was determined
by the MTT assay. The cells were pretreated with Andro (1, 10 uM) for 1 h, followed
by treatment with LPS (1 pg/mL) for 6 h (for PCR), 12 h (for ELISA) and 24 h (for the
Griess assay and Western blot analysis). BMDMs were pretreated with Andro (1, 10
uM) for 1 h, followed by treatment with LPS (10 pg/mL)+IFN-y (20 ng/ml) for 24 h
(for the Griess assay and Western blot analysis). NO production (B and C) was
measured by the Griess assay. The protein levels of iNOS and COX-2 (D and E) were
detected by Western blot analysis and normalized to that of B-actin by using ImageJ
software. The production (F) of IL-6, TNF-a and IL-1p was measured by ELISA, and
their mMRNA levels (G) were detected by PCR. All results are shown as the mean £ SD
of three independent experiments. ## P < 0.01, ### P < 0.001, compared to the

nontreated group. * P <0.05, ** P < 0.01, *** P <0.001, compared to the LPS-treated

group.

Fig. 2 Effects of Andro on the NF-kB/MAPK/TLR4-MyD88 signaling pathways in
LPS-induced macrophages. RAW264.7 (A) and BMDM (B) cells were pretreated with
Andro (1, 10 uM) for 1 h, followed by treatment with LPS (1 pg/mL) or LPS(10
ug/mL)+IEN-y (20 ng/ml) for 15 min or 30 min. The proteins levels of the NF-
kB/MAPK/TLR4-MyD88 pathways were determined by Western blot analysis and
normalized to B-actin or total protein by using ImageJ software. The results are shown
in the bar graphs as the mean + SD. # P < 0.05, ## P < 0.01, ### P < 0.001, compared
to the nontreated group. * P <0.05, ** P < 0.01, *** P < 0.001, compared to the LPS-

treated group.



Fig. 3 Effects of Andro on NF-kB p65 and AP-1 nuclear translocation in LPS-induced
RAW264.7 cells. RAW264.7 cells were pretreated with Andro (1, 10 uM) for 1 h,
followed by treatment with LPS (1 pg/mL) for 30 min. The protein levels of p65, p-c-
Jun and c-Fos in the cytosolic and nuclear fractions were determined by Western blot
analysis (A) and normalized to B-tubulin or Lamin A+C by using ImageJ software. The
cellular localizations of p65, p-c-Jun and c-Fos were analyzed using IF staining (B).
Nuclei were stained with DAPI. All of the experiments were performed at least three
times. The Western blot results are shown in the bar graphs as the mean + SD. # P <
0.05, ## P < 0.01, ### P < 0.001, compared to the nontreated group. * P < 0.05, ** P
<0.01, *** P < 0.001, compared to the LPS-treated group.

Fig. 4 Effects of Andro on the phosphorylation and activation of the indicated cellular
proteins in LPS-induced macrophages. Representative chemiluminescent array images
of the PathScan Intracellular Signaling Array Kit (A) and heat map (B) show various
phosphorylated signaling nodes in LPS and IFN-y-induced BMDMs. RAW264.7 cells
were pre-treated with Andro (1, 10 uM) for 1 h, followed by stimulation with LPS (1
pg/mL) for 15 min (C) and 12 h (D). The proteins levels were determined by Western
blot analysis and normalized to B-actin. The Western blot results are shown in the bar
graphs as the mean + SD. # P < 0.05, ## P < 0.01, ### P < 0.001, compared to the

nontreated group. * P <0.05, ** P <0.01, *** P <0.001, compared to the LPS-treated

group.

Fig. 5 Comparison of the effects of Andro with AICAR and Compound C in LPS-
induced RAW264.7 cells. RAW264.7 cells were pretreated with Andro (10 uM) and
Compound C (10 uM) for 1 h and with AICAR (1 mM) for 4 h, followed by treatment
with LPS (1 ug/mL) for 15 min (A, B) or 30 min (C). The proteins levels of the AMPK

(A)/NF-xB (B)/MAPK (C) pathways were determined by Western blot analysis and



normalized to B-actin by using ImageJ software. All results are representative as the
mean + SD. # P < 0.05, ## P < 0.01, ### P < 0.001, compared to the nontreated group.
*P <0.05, ** P <0.01, *** P <0.001, compared to the LPS-treated group.

Fig. 6 Effects of Andro on the LPS-induced NO production and inflammatory signaling
pathways following knockdown of AMPKa2. RAW264.7 cells were transfected with
negative control siRNA or AMPKa2 siRNA for 48 h. Transfected cells were pretreated
with Andro (10 uM) for 1 h and with AICAR (1 mM) for 4 h, followed by treatment
with LPS (1 ug/mL) for 15 min (B, C), 30 min (D) and 24 h (A). Then, the production
of NO was evaluated by the Griess assay (A), and the phosphorylation of the AMPK
(B)/NF-xB (C)/MAPK (D) pathways was detected by Western blot analysis. The Griess
assay result was presented as the mean + SD. *P < 0.05, ***P < 0.001, compared to the

negative control group; # P < 0.05, compared to the nontreated group.

Fig. 7 Relative protein levels of the AMPK/NF-«B/MAPK pathways following
knockdown of AMPKa2. The protein levels of the AMPK (A)/NF-«B (B)/MAPK (C)
pathways in LPS-induced AMPKa2-knockdown macrophages were detected by
Western blot analysis and normalized to B-actin by using ImageJ software. All of the
Western blot results were presented as the mean = SD. * P < 0.05, ** P < 0.01, *** P

< 0.001, compared to the negative control group.

Fig. 8 Effects of Andro on NF-kB p65 and AP-1 nuclear translocation following
knockdown of AMPKa2. The AMPKa2 gene in RAW264.7 cells was silenced by
SiRNA transfection, RAW264.7 cells were pre-treated with andrographolide (10 uM)
for 1 h and AICAR (1 mM) for 4 h, followed by stimulation with LPS (1 pg/mL) for

30 min, and then the cellular localizations of p65, p-c-Jun and c-Fos were analyzed by



IF. Nuclei were stained with DAPI.

Fig. 9 Effects of Andro on DSS-induced acute colitis in mice. Acute colitis was induced
in BALB/c mice (n=4-5/group) by orally administering 3.5% DSS in drinking water
from day 0 to day 7. Mice received Andro (50 and 100 mg/kg) and SASP (200 mg/kg)
treatment each day from day 1 to day 7. Body weight changes (A) and DAI (C) were
measured every day from day 0. The length (B) and macroscopic appearances (D) of
colon length were measured after the mice had been sacrificed on day 8. All data are
presented as the mean £ SD. Compared with the normal control group, #P < 0.05, ## P
<0.01, ### P < 0.001; compared with the DSS control group, *** P <0.001 ; the Andro
(50 mg/kg) treatment group compared with the DSS control group, A P < 0.05; the
Andro (100 mg/kg) treatment group compared with the DSS control group, ¥ P <0.05;
the SASP treatment group compared with the DSS control group, ¢ P < 0.05, ¢¢ P <
0.01.

Fig. 10 Effects of Andro on histological changes and macrophage infiltration in the
colon tissue. Colorectal histologic changes were determined by H&E staining (A), and
the infiltration of F4/80 and CD68 macrophages was examined by IHC (B). The
quantification of integrated OD (IOD) in each group was analyzed by Image Pro-Plus
6.0. All data are representative as the mean £ SD. Compared with the normal control
group, ## P < 0.01, ### P < 0.001; compared with the DSS control group, ** P < 0.01,
*** P < (.001.

Fig. 11 Effects of Andro on the mRNA expression and the production of
proinflammatory cytokines in vivo. The mRNA levels of IL-6, TNF-a and IL-1p in the

colon tissue were detected by PCR (A). The production of IL-6, TNF-a and IL-1 in



the spleen tissue of DSS-induced acute colitis was measured by ELISA (B). All results
are shown as the mean £ SD. # P < 0.01, ## P < 0.01, ### P < 0.001, compared to the
normal control group. * P < 0.05, ** P < 0.01, *** P < 0.001, compared to the DSS

control group.

Fig. 12 Effects of Andro on the activation of the AMPK/NF-kB/MAPK pathways in
vivo. The phosphorylation levels of the AMPK (A, D), NF-xB (B, E) and MAPK (C,
F) pathways were detected by Western blot analysis and normalized to f-actin by using
ImageJ software. The Western blot results are shown in the bar graphs. All results are
shown as the mean £ SD. ## P < 0.01, ### P < 0.001, compared to the normal control

group. * P <0.05, ** P < 0.01, *** P < 0.001, compared DSS control group.
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