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ARTICLE INFO ABSTRACT

Chemical compounds cited in this article:
andrographolide (PubChem CID: 5318517)

Sustained activation of the Janus kinase-signal transducers and activators of transcription (JAK-STAT) pathway
contributed to the progression of cancer and liver diseases. STAT3 signaling inhibitor has been extensively
investigated for pharmacological use. We synthesized a series of andrographolide derivatives, and characterized
their activity against STAT3 signaling pathway both in vitro and in the CCly-induced acute liver damage mice
model. Among these derivatives, compound 24 effectively inhibited phosphorylation and dimerization of STAT3
but not its DNA binding activity. Compound 24 significantly ameliorated carbon tetrachloride-induced acute
liver damage in vivo without changing mice body weight. Treatment with 24 attenuated hepatic pathologic
damage and promoted hepatic proliferation and activation of STAT3. Compound 24 inhibited elevated ex-
pression of a-smooth muscle actin and serum pro-inflammatory cytokines downstream of STAT3 but not those
factors that are regulated by NF-kB or SMADs. In summary, our results suggest that compound 24 may serve as a
potential therapeutic agent for the treatment of hepatic damage or a liver protection agent via regulating STAT3
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activation.

1. Introduction

Acute liver damage is a reversible wound-healing response to che-
mical-induced liver injury, hepatitis infection, and alcohol abuse, which
will progress to chronic liver diseases such liver fibrosis and cirrhosis.'
The farnesoid-X receptor agonist obeticholic acid has been approved for
the treatment of non-cirrhotic and non-alcoholic steatohepatitis.” The
efficacy of obeticholic acid for toxic cirrhosis has also been examined in
a vertebrate model.” The lipid peroxidation inhibitor pentoxifylline
reduced lobular inflammation in nonalcoholic steatohepatitis in clinical
trials.* The natural products silymarin and vitamin E prevented pro-
gression of liver damage by reducing hepatic inflammation.” However,
no medication for the treatment of liver fibrosis or acute liver damage
has been approved by the Food and Drug Administration (FDA) to
date.®

Janus kinase (JAK)-STAT pathway is one of the major pathways that
regulate transcription of pro-inflammatory cytokines in acute liver da-
mage.7 Interferon (IFN) is essential to controlling JAK cross

* Corresponding authors.

phosphorylation and subsequent phosphorylation of STAT1 and STAT2.
Phosphorylated STAT1/2 then triggers dimerization, phosphorylation,
and hence nucleus translocation of STAT3.” STAT3 is hyperpho-
sphorylated in cirrhotic patients with mortality.®° Sustained activation
of STATS3 signaling pathway increases matricellular fibrosis and tissue
tension, thereby leading to tumorigenesis in a KRAS-driven pancreatic
ductal carcinoma mice model.'® Constitutive activation of STAT3 pro-
motes fibroblast growth factor 19 (FGF19)-triggered tumorigenesis.''
Dimerization of STAT3 is critical to control activation and nucleus
translocation of STATs.'? Therefore, inhibition of STAT3 dimerization
has significant therapeutic potential for treating liver diseases. The Src
homology 2 (SH2) domain of STAT proteins are responsible for their
phosphorylation and dimerization. However, the sequence of SH2 do-
main is of high similarity in between different STAT family members
and even some oncoproteins.'® Therefore, discovery of inhibitors with
high selectivity is required to eliminate off-target effect to interfere with
other signaling pathways.”

Andrographolide and derivatives exhibited potency in several types
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of inflammatory diseases, including hepatic and pulmonary fi-
brosis,'*'* non-alcoholic fatty liver and steatohepatitis,'®'” arthritis,"®
and cancer.'? The anti-inflammatory activity of andrographolide was
mainly mediated through inhibition of phosphorylation and nuclear
translocation of NF-kB p65 subunit.'*'” Andrographolide also inhibited
NF-kB p65 signaling through abrogation of STAT3 phosphoryla-
tion.”°~2* However, transcription factors like NF-kB p65 play important
functions in normal growth and development; therefore, specific in-
hibition of the STAT3 signaling rather than multiple transcription fac-
tors under disease conditions is needed.”’ Owing to the privileged
structure, diverse biological activity, and low toxicity profile andro-
grapholide offered, analogs and derivatives have been synthesized to
improve its solubility and efficacy.”*

In our previous study, we discovered that some of andrographolide
analogs exhibited potent immunosuppressive activity and protected
acute pulmonary infection.”® As we are interested in expanding the
scope of medicinal application of andrographolide, we reported the
design, synthesis, and preliminary structure-activity-relationship (SAR)
of a series of andrographolide derivatives in the current study. We
discovered compound 24 as a selective inhibitor to dimerization of
STAT3 and reported a detailed pharmacological evaluation of com-
pound 24 in carbon tetrachloride (CCly)-induced acute liver damage in
mice. We propose compound 24 as a potent STAT3 inhibitor for the
protection of acute liver damage.
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2. Results and discussion
2.1. Synthetic routes and physical characterization

Andrographolide derivatives were synthesized as summarized in
Fig. 1. The chemical structures of all derivatives were characterized by
'H NMR, *C NMR and mass spectra. The purity of each compound was
determined by HPLC (Supplementary Information). In general, protec-
tion of 3, 14, or 19-OH by TBS was conducted by TBSCl-imidazole and
the Ac group introduced Ac,O catalyzed by anhydrous ZnCl,.?*°
Transformation of 3-alcohol into 3-keto was fulfilled by the oxidation of
Dess-Martin periodinane (DMP) in DCM.?* ¢ Selective deprotection of
TBS at position 14 was achieved by TBAF in THF at —20°C for 1h,
while selective deprotection of TBS at position 19 was achieved by TFA
in DCM at —20°C for 0.5h. Epoxidation of 8,17-olefin was accom-
plished by mCPBA and NaHCO3 in DCM at 0 °C or room temperature
depending on starting materials. Stereochemistry of 8,17-epoxide was
determined by comparing with the crystal structure of 8(3,17-epox-
yandrographolide and reported compounds based on spectra data and
chemical transformation.?**!

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.bmc.2018.09.002.
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Fig. 1. Synthetic route for andrographolide analogs (DMP = Dess-Martin periodinane; mCPBA = 3-chloroperbenzoic acid).
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Table 1
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The ECs, (half effective concentration) of all compounds against IFN-y, IL-6, and NF-kB signaling pathways and the cytotoxicity (CCyo, half cytotoxic concentration)

in AD-293 and Hela cells.

Cmpd AD-293 (uM) Hela (uM)
IFN-y* IL-6" NF-kB* Cytotoxicity (CCyo)" IFN-y* NF-kB Cytotoxicity (CCyo)"

1 >10 > 10 > 10 >10 > 10 >10 > 10
2 1.18 = 0.45 2.21 * 0.68 6.92 + 1.05 CCsp: 7.33 = 0.22 4.33 = 0.28 8.11 * 1.65 > 10
3 8.15 = 0.78 3.22 = 0.42 7.28 = 0.36 CCsp: 6.83 = 0.39 9.43 = 0.71 9.96 = 0.65 > 10
4 5.68 + 0.31 10.57 = 0.19 > 10 >10 6.57 + 0.50 >10 > 10
5 5.05 = 0.59 > 10 > 10 >10 5.80 + 0.27 > 10 > 10
6 > 10 >10 >10 >10 >10 >10 > 10
7 8.18 = 0.38 > 10 > 10 > 10 > 10 > 10 > 10
8 >10 > 10 > 10 >10 > 10 >10 > 10
9 > 10 >10 >10 > 10 >10 > 10 > 10
10 >10 > 10 > 10 >10 >10 > 10 > 10
11 > 10 >10 > 10 >10 > 10 >10 > 10
12 > 10 > 10 > 10 > 10 > 10 > 10 > 10
13 7.93 = 0.45 6.10 = 0.32 > 10 > 10 > 10 > 10 > 10
14 > 10 > 10 > 10 > 10 >10 > 10 > 10
15 1.97 = 0.02 0.99 = 0.01 7.52 = 0.92 CCsp 7.35 = 0.26 4.43 = 0.31 4.57 = 0.69 > 10
16 4.75 = 0.92 4.78 = 0.14 7.98 + 0.51 CCs 8.23 + 0.13 9.33 + 0.85 > 10 > 10
17 3.45 = 1.22 6.45 = 1.33 7.75 = 1.02 CCsp 2.35 = 0.49 8.95 = 0.21 8.81 = 1.11 > 10
18 4.72 = 0.26 4.34 = 0.03 > 10 >10 > 10 >10 > 10
19 2.60 = 0.56 3.04 = 0.52 8.51 + 0.85 > 10 > 10 7.54 = 1.19 > 10
20 5.11 = 0.28 3.11 = 0.42 9.49 = 0.91 CCs5010.93 + 1.30 9.45 *+ 0.64 9.67 = 0.31 > 10
21 3.45 = 0.35 3.05 = 0.49 > 10 >10 > 10 > 10 > 10
22 4.40 = 0.74 > 10 > 10 >10 > 10 >10 > 10
23 > 10 > 10 > 10 CCsp 8.31 + 0.23 > 10 > 10 > 10
24 5.99 = 0.68 3.95 = 0.17 > 10 > 10 5.90 + 0.38 > 10 > 10
25 > 10 > 10 > 10 >10 > 10 >10 > 10
26 5.81 = 0.34 7.98 = 0.12 > 10 > 10 > 10 > 10 > 10
27 5.38 + 0.47 > 10 > 10 > 10 8.34 + 0.84 > 10 > 10
28 5.39 = 0.46 4.16 = 0.09 > 10 >10 6.15 + 0.79 >10 > 10
29 5.38 + 0.47 > 10 > 10 >10 8.34 = 0.84 > 10 > 10
30 2.23 = 0.28 2.56 = 0.49 >10 >10 > 10 7.05 = 0.64 > 10
31 2.55 = 0.27 2.65 = 0.64 > 10 > 10 > 10 9.91 = 0.17 > 10

Treated for 24 h.
Treated for 6 h.
¢ Treated for 4 h.
Treated for 24 h.

2.2. SAR against STAT3 and related signaling pathways

Pharmacological inhibition of individual STAT proteins remains
challenging because of their highly similar structures.®” We initially
screened all compounds against luciferase reporters bearing STAT3
response elements with IFN-y and IL-6 stimulation, together with re-
porter gene bearing NF-kB response elements to determine the speci-
ficity of the signal. Compound 1 (andrographolide) was not active
against IFN-y, IL-6, and NF-kB signaling pathways in both AD-293 and
Hela cell lines at 10 uM (Table 1). The 14a- or 14f-acetylated pro-
ducts*® 2 and 3 with 19-silylation inhibited all three signaling path-
ways, but exhibited cytotoxicity in AD-293 cells (Table 1). 14a-Sily-
lated compound 4°° inhibited IFN-y signaling pathway with moderate
activity against IL-6 signaling pathway but was inactive to NF-kB sig-
naling pathway. Compound 4 did not show obvious cytotoxicity in ei-
ther cell lines (Table 1). The more lipophilic 3,14a-diacetyloxy-19-bu-
tyldimethylsilyloxy product 5%/ was as potent as 4 against IFN-y
signaling pathway but was inactive in NF-xB or IL-6 signaling path-
ways. A comparison of compounds 4 and 6°° indicates that the 14p-
butyldimethylsilyloxy resulted in a loss of activity against IFN-y sig-
naling pathway (Table 1), indicating the importance of 14-stereo-
chemistry. Compounds 7,26 3,19-diacetylated products of 4, lost ac-
tivity against IL-6 and IFN-y signaling pathways. The 3,19-diacetylated
product compound 8>° was not as potent as 6. 3-Ketone modification
products®® of 9, 10, 11 and 12 were inactive against IFN-y, IL-6, nor NF-
kB signaling pathways (Table 1). 14a-Acetyloxy-3-ketone 13*° in-
dicated anti-IFN-y and anti-IL-6 signaling activity only in AD-293 cell
line; but 14p-acetyloxy-3-ketone 14°° was totally inactive to all
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signaling pathways (Table 1). 14-Acetyloxy-3-ketone-19-butyldi-
methylsilyloxy products®® 15 and 16 were active against IFN-y, IL-6,
and NF-kB signaling pathways with obvious cytotoxicity to AD-293 cells
(Table 1). Removal of the acetyl moiety from 15 and 16 generated
compound 17°° in the 14a configuration, which exhibited increased
cytotoxicity. Compound 182 in the 14p configuration attenuated IL-6
signaling and reduced cytotoxicity (Table 1). These results suggested
that 14-modification and 14-stereochemistry are determinant factors to
cytotoxicity.

Oxidation at positions of 8 and 17 resulted in 8a,17-epoxide 19 and
8B,17-epoxide 20. The minor product 19 showed anti-NF-xB activity in
both cell lines without cytotoxicity, and anti-IFN-y and anti-IL-6 ac-
tivities only in AD-293 cell line. However, the major product 20 was
active against [FN-y, IL-6, and NF-kB signaling pathways with a CCs at
10.9uM to AD-293 cells (Table 1). 14-Butyldimethylsilyloxy-88,17-
epoxide product 21 inhibited an IL-6 signaling pathway without cyto-
toxicity (Table 1). Even though 14,19-bis(butyldimethylsilyloxy)-3-ke-
tone of 8f,17-epoxide product 22 inhibited IFN-y signaling in AD-293
cells, 19-butyldimethylsilyloxy-3-ketone of 8(3,17-epoxide product 23
was inactive in neither of the three signaling pathways and exhibited
cytotoxicity to AD-293 cells (Table 1). 14-Butyldimethylsilyloxy-3-ke-
tone of 8B,17-epoxide product 24 was active against IFN-y signaling
pathway in both cell lines, and inhibited IL-6 signaling pathway in AD-
293 cells without cytotoxicity (Table 1). 14,19-Dihydroxy-3-ketone-
8B,17-epoxide 25 without 14-butyldimethylsily lost activity to all the
signaling pathways, suggesting that 14-butyldimethylsily and 19-free
alcohol are important moieties to maintain the activity.

Compound 26 with 14-acetylation and 8a,17-epoxide exhibited
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decreased anti-IL-6 signaling activity but not anti-IFN-y signaling ac-
tivity in Hela cells. However, compound 27 with 14-acetylation ex-
hibited comparable anti-IFN-vy signaling activity to 24, but lost anti-IL-6
signaling activity (Table 1). Interestingly, 3-butyldimethylsilyloxy-
8a,17-epoxide 28 potently inhibited IFN-y signaling pathway in both
cell lines and IL-6 signaling pathway in AD-293 cell line; but 3-bu-
tyldimethyl-silyloxy-8,17-epoxide 29 was inactive to IL-6 signaling,
and only attenuated anti-IFN-y signaling pathway activity in both cell
lines (Table 1). 14B-Butyldimethylsilyloxy-19-acetyloxy-8a,17-epoxide
30 and 14p-butyldimethylsilyloxy-19-acetyloxy-8[3,17-epoxide 31 ex-
hibited anti-IL-6 signaling pathway activity, but their inhibitory activity
to IFN-y or NF-xB signaling pathways were cell line-dependent
(Table 1). Combining these data revealed that compounds 4, 24 and 28
are active against IFN-y signaling pathway in both cell lines and active
against IL-6 signaling in AD-293 cells, but was not active against NF-kB
signaling pathway in either cell lines. Compound 19 is active against
NF-kB signaling pathway, and compounds 5, 27 and 29 are active
against IFN-y signaling pathway in both cell lines and not active against
IL-6 and NF-«B signaling pathways.

2.3. Compound 24 specifically inhibited phosphorylation and dimerization
of STAT3

To further confirm the inhibitory effect of the active characteristic,
we measured the impact of compounds 4, 5, 24, 27, 28 and 29 on
STAT1 and STAT3 by Western blotting (Fig. 2A-C). Compounds 4 and 5
did not change IFN-y (1.0 ug/mL)-stimulated expression of STAT1 and
STAT3 (Fig. 2A-C), whereas compound 27 suppressed the expression
and phosphorylation of STAT3 (Fig. 2A-C). Compounds 28 and 29 did
not affect the expression and phosphorylation of STAT1 nor STAT3
(Fig. 2A-C). Compound 24 specifically blocked expression of phos-
phorylated STAT3 to more than 50% compared to DMSO-treated

A B
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control but did not affect expression and phosphorylation of STAT1
(Fig. 2A-C). These results suggest that compound 24 specifically in-
hibited STAT3 but not STAT1.

The dimerization of STAT3 controls its phosphorylation and nucleus
translocation, and thus is regarded as an important therapeutic target.*”
We then transiently transfected GFP- and FLAG-tagged STAT3 plasmids
into AD-293 cells, and determined the interaction of GFP-STAT3 and
FLAG-STAT3 by immunoprecipitation. Compound 24 decreased inter-
actions of GFP-STAT3 and FLAG-STAT3 monomers at 10 uM con-
centration (Fig. 2D), which is close to the anti-Stat3 activity of Stattic
(ICso = 5.1 uM)” and higher than that of $S31-201 (ICso = 86 uM).**
Phosphorylation and dimerization triggers nucleus translocation of
STATS3, and hence promotes the biding to its specific DNA motifs and
hence trigger transcription.®®> Compound 24 did not affect the DNA
binding activity of STAT3 for up to 40 uM (Fig. 2E); while the addition
of three times free oligo reduced DNA binding activity (Fig. 2E).

2.4. Compound 24 protected CCly-induced acute liver damage

Sustained phosphorylation of STAT3 triggered liver fibrosis and
damage in ethanol-fed and CCl,-treated mice.***” Despite the im-
portant function of activated STAT3 in promoting pathogenesis in liver
damage, only a few STAT3 inhibitors have been tested in liver damage
models. Sorafenib, an oral multi-kinase inhibitor and the only FDA
approved drug for HCC, exhibited anti-fibrotic activity through de-
creasing accumulation of collagen in hepatic stellate cells (HSC).*®
Treatment with STAT3 inhibitor S3I-201 ameliorated renal interstitial
fibrogenesis in obstructive nephropathy,®® and is currently in phase I
clinical trials for the malignant glioma and brain metastasis derived
from melanoma.*® Therefore, we challenged mice with CCl, to mimic
acute liver damage. Mice did not indicate a significant change in body
weight after treatment with CCly alone or in combination with oral

C
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Fig. 2. Compound 24 inhibited dimerization of STAT3 in AD-293 cells. (A) Effect of compounds 4, 5, 24, 27, 28, and 29 on IFN-y-stimulated phosphorylation of
STAT1 and STAT3. AD-293 cells were treated with 1 pg/mL IFN-y alone or in the presence of compounds at 10 uM. Expression levels of phosphorylated-STAT1 and
STAT3, and total STAT1 and STAT3 in whole-cell lysates were examined by Western blot analysis. The blot of actin was used as internal loading control.
Quantification of (B) phosphorylated STAT1 and STAT1 levels, and (C) phosphorylated STAT3 and STAT3 levels. (D) AD-293 cells were co-transfected with FLAG-
tagged and GFP-tagged STAT3 plasmids and treated with IFN-y alone or in the presence of compound 24 for 6 h. Cells were harvested and the association of FLAG-
tagged and GFP-tagged STAT3 were analyzed by co-immunoprecipitation assay followed by western blot analysis. (E) Effect of compound 24 on the DNA binding
activity of STAT3 using TransAM STAT Family Kit. 3X oligo is the results of DNA binding activity in the presence of three times free oligo. The results were

representative of at least three independent experiments. Results in (E) are presented as mean

+

SD from three separate experiments (", p < 0.05).
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indicate S.E.M. (B) H&E staining of paraffin fixed liver sections from samples collected 16 h after CCl, injection. Scale bar, 200 um. (C) PCNA and Ki67 staining per
liver section at the end of the treatment. Quantitative results of (D) PCNA and (E) Ki67 staining. Details of experimental procedures are given in the Materials and
Methods section. The results were representative from two independent experiments (n = 5). P values are as indicated in the figure.

administration of compound 24 at 30 mg/kg (Fig. 3A). Liver sections
from CCl,-treated mice indicated hepatic damage and increased num-
bers of necrotic cells as indicated by H&E staining (Fig. 3B). Mice
treated with 24 exhibited significant histological improvement
(Fig. 3B). Liver proliferation activity was estimated by the number of
proliferating cell nuclear antigen (PCNA) and Ki67-positive cells per
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view of liver sections (Fig. 3C). Compound 24 significantly increased
PCNA- and Ki67-positive cell numbers compared with CCl, treatment
(Fig. 3C), thereby suggesting that compound 24 was able to increase
DNA replication and cell proliferation in chemical-induced acute liver
damage.
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Fig. 4. Compound 24 reduced expression levels of factors that promote liver damage and fibrosis. (A) Masson staining of paraffin fixed liver sections from samples
collected 16 h after CCl, injection. (B) a-SMA staining per liver section at the end of the treatment. Scale bar, 200 um. mRNA levels of (C) MMP10, (D) MMP13, (E)
MMP9, (F) Collal, and (G) Col3al in the liver at the end of the treatment. Results were representative from two independent experiments (n = 5). Details of
experimental procedures are given in Materials and Methods. P values are as indicated in the figure.
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2.5. Compound 24 attenuated expression of genes that promote liver
damage and fibrosis in CCly-induced acute liver damage in vivo

The liver can rapidly activate tissue regeneration and immunity in
response to acute damage.” Persistent activation of inflammatory re-
sponse leads to fibrosis and cirrhosis.*' Therefore, we analyzed key
factors that promote hepatic fibrogenesis. Increased blue stained areas
in Masson’s trichrome staining revealed the formation of collagen in
CCl, treatment (Fig. 4A). Compound 24 treatment decreased collagen
formation as indicated by Masson’s trichrome staining (Fig. 4A). Com-
pound 24 also suppressed CCl, treatment-induced expression of a-SMA
in the areas surrounding blood vessel (Fig.4B). We then examined
transcription of matrix metallopeptidases (MMPs) that were regulated
by different transcriptional factors. The highly increased mRNA levels
of MMP10 and MMP13 with CCl,-treatment, which were regulated by
JAK signaling pathway, **** were significantly attenuated by compound
24 (Fig. 4C-D). Compound 24 failed to suppress CCl,-treatment-induced
upregulation of transcription of MMP9 (Fig. 4E). In addition, the tran-
scriptions of collagen type I al chain (Collal) and Col3al remained
unchanged (Fig. 4F-G). Compound 24 did not significantly reduce CCly-
induced elevated serum ALT and AST levels (results not shown).

2.6. Compound 24 inhibited STAT3 activation in CCl-induced acute liver
damage in vivo

To further determine whether compound 24 could inhibit STAT3
signaling in CCls-induced acute liver damage mice, we determined the
expression level of STAT3 and downstream factors in vivo (Fig. 5).
Immunohistochemistry results revealed that compound 24 significantly
decreased CClg-induced expression of STAT3 (Fig. 5A-B). STAT3 was
predominantly located in the nucleus in CCl,-treated mice, which in-
dicates that STAT3 was in the active phosphorylated state. The number
of cells with positive nucleus staining of STAT3 were significantly de-
creased in mice with compound 24 treatment (Fig. 5A-B). We then
determined pro-inflammatory cytokine and chemokine level in the
serum. Among all the pro-inflammatory cytokines and chemokines
detected, the levels of IL-6, MCP-1, and TGF-B were significantly
downregulated by compound 24 (Fig. 5C-E). Our results are in line with
previous report that noncanonical STAT3 activation also governs the
excess production of TGF- and collagen I, and the formation of
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intestinal fibrosis in muscles of Crohn’s disease.** By contrast, com-
pound 24 was unable to decrease CCl,-treatment induced mRNA ex-
pressions of SMAD2, SMAD3, and SMAD4 (Fig. 5F-H). Compound 24
did not suppress more than 50% of SMAD2/3 reporter activity with
even up to 10 uM concentration in AD-293 cells bearing promoter re-
gion of SMAD2/3 (Fig. 5J).

3. Conclusion

Here, we reported diverse modified andrographolide derivatives.
The SAR indicated that 14-modification and 14-stereochemistry are
determinant factors to cytotoxicity, whereas 14-butyldimethylsil and
19-free alcohol are important moieties for maintaining the activity. In
this study, we found that compounds 4, 5, 24, 27, 28, and 29 are active
against IFN-y signaling pathway in AD-293 and HeLa cell lines, whereas
4, 24, and 28 are also active against IL-6 signaling pathways.
Andrographolide derivatives 4, 5, 24, 27, 28, and 29 are structurally
different from oligonucleotide and other small molecule STAT in-
hibitors, and exhibit potent inhibitory activity against STAT signaling
pathways. Our study provided evidence that inhibiting STAT3 activa-
tion by andrographolide derivative was effective against chemical-in-
duced acute liver damage. This series of compounds are structurally
different from other STAT3 inhibitors. Despite the increased selectivity
against STAT3, the inhibitory activity of compound 24 was actually
decreased compared with other derivatives (Table 2 and Fig. 2).
Therefore, compound 24 could be used as a scaffold to be developed
from the broadly used natural product as active STAT3 inhibitor that
maintain both selectivity and inhibitory activity in the clinic.

4. Materials and methods
4.1. General information for chemistry

'H and '*C NMR spectra were recorded on a Bruker AV-400 spec-
trometer at 400 and 101 MHz, respectively. Coupling constants (J) are
expressed in hertz (Hz). Chemical shifts of NMR are reported in parts
per million (ppm) units relative to the solvent. The high resolution of
MS (HRMS) was recorded on an Applied Biosystems Q-STAR Elite ESI-
LC-MS/MS mass spectrometer. Melting points were measured using
YRT-3 melting point apparatus (Shanghai, China) and were
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Fig. 5. Compound 24 inhibited CCly-induced inflammation and STAT3 activation in acute liver damage mice. (A) STAT3 per liver section at the end of the treatment.
Scale bar, 200 pm. (B) Quantitative result of STAT3 staining. Serum (C) IL-6, (D) MCP-1, and (E) TGF-f level at the end of the treatment. mRNA levels of (F) SMAD2,
(G) SMAD3, and (H) SMAD4 in the liver. (J) Effect of compound 24 on TGF-B-induced changes of SMAD 2/3 promoter. Results were representative from two
independent experiments (n = 5). Details of experimental procedures are given in Materials and Methods. P values are as indicated in the figure.
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Table 2
Primer sequences for real-time PCR analysis.

Gene Forward primer (5’-3") Reverse primer (5’-3")

(Gene

D)

Mmp9 GCAGAGGCATACTTGTACCG TGATGTTATGATGGTCCCACTTG
Mmpl0 GGACCCGAAGCGGACATTG CGTCGTCGAAATGGGCATCT
Mmp13 CTTCTTCTTGTTGAGCTGGACTC CTGTGGAGGTCACTGTAGACT
Collal GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Col3al CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC
Smad2 ATGTCGTCCATCTTGCCATTC AACCGTCCTGTTTTCTTTAGCTT
Smad3 CACGCAGAACGTGAACACC GGCAGTAGATAACGTGAGGGA
Smad4 AGCCGTCCTTACCCACTGAA GGTGGTAGTGCTGTTATGATGGT
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

uncorrected. Compounds 2-4 and 6-18 were published previously by
our laboratory.”® The purity of these compounds in this report except
compound 26 (about 96.4% in purity) is higher than 98%. 'H NMR and
13C NMR spectra of new compounds appear in SI and HPLC spectra of
all compounds appear are provided in Supplementary Information.

4.2. Materials and reagents

Cell culture media, penicillin streptomycin, and fetal bovine serum
(FBS) were purchased from Gibco (Carlsbad, CA, USA). Interferon-y
(IFN-vy), IL-6, and tumor necrosis factor (TNF)-a were purchased from
PeproTech (Rocky Hill, NJ, USA). CCl; and all other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA) without further
purification except noted otherwise.

4.3. Cell culture condition

Cell lines were obtained from the American Type Culture Collection
(ATCC). HeLa and AD-293 cells were maintained in DMEM high glucose
medium supplemented with 10% FBS and 1% penicillin streptomycin.
Hela and AD-293 stable cell lines harboring IFN-y, IL-6, and TNF-o/NF-
kB response elements in pGL4.20 vector (Promega, Madison, WI, USA)
were maintained in the presence of 1 ug/mL puromycin.

4.4. Signaling pathway reporter assay

Hela and AD-293 cell lines stably harboring luciferase reporter
plasmids with promoter regions of IFN-y, IL-6, and NF-kB were used for
the signaling pathway reporter assay (manuscript accepted for pub-
lication). Cells were treated with 20 pg/mL IFN-y, 2.5 pg/mL IL-6, or
50 ng/mL TNF-a to stimulate the corresponding downstream signaling
pathways, respectively. SMAD2/3 promoter was inserted into the
pGL4.20 vector, and stimulated with TGF-} at 100 ng/ml for 16 h. At
the end of the treatment, cell extracts were prepared and luciferase
activity was measured by Luciferase assay kit (Promega) according to
the manufacturer’s instructions.

4.5. Western blot analysis

Western blot analysis was done using primary antibodies against
phosphorylated STAT1 (#7649, Cell Signaling Technology, Boston, MA,
USA), phosphorylated STAT3 (#9145, Cell Signaling Technology),
STAT1 (#9172, Cell Signaling Technology), STAT3 (#4904, Cell
Signaling Technology), GFP (#sc-9996, Santa Cruz, Dalla, TX, USA),
and actin (#A5316, Sigma-Aldrich) at optimal dilution.

4.6. Co-immunoprecipitation assay
AD-293 cells were co-transfected with pCMV6-AC-STAT3-GFP

(OriGene, Rockville, MD, USA) and pRc/CMV-STAT3-FLAG (Addgene,
Cambridge, MA, USA) with Turbo transfection reagent (Life
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Technologies, Carlsbad, CA, USA) for 48 hours*® Cells were treated with
IFN-y alone or together with compound 24 for an additional 6 h. After
cells were lysed in RIPA lysis buffer, 100 ug of each protein sample was
subjected to immunoprecipitation with anti-FLAG M2 antibody
(#F1804, Sigma-Aldrich) and protein G magnetic beads (Life Tech-
nologies). The purified protein-antibody complex was subjected to SDS-
PAGE and Western blot. The samples were then detected with anti-GFP
antibody and anti-FLAG antibody and visualized with chemilumines-
cent reagent (GE Healthcare, Waukesha, WI, USA).

4.7. STAT3 DNA binding activity

STAT3 DNA binding activity was determined using the TransAM
STAT family kit from Active Motif’s following the manufacture’s re-
commendation.

4.8. Animals

Male WT BalB/C mice were obtained from Animal Facility at
University of Macau. All methods were carried out in accordance with
relevant guidelines and regulations. All experimental protocols were
approved by the Animal Research Ethics Committee at University of
Macau. Mice (20-25 g, 6-8 weeks old) were acclimated for 1 week prior
to use in experiments and were allowed free access to water and chow
diet through the experiment. In vivo experiments were performed in the
animal facility.

4.9. Treatment conditions

Experimental animals were given compound 24 (30 mg/kg) orally
once daily for 7 days before subcutaneous injection of CCl, (40% CCl,
in olive oil, 10 ml/kg body weight). Mice were sacrificed 16 h after CCl,
injection. Control mice were injected with an equivalent amount of
corn oil subcutaneously. Mice were sacrificed after being anaesthetized
with CO,. Serum was collected and stored at —70 °C until analysis.
Liver was removed, washed with ice cold PBS (pH 7.4), and fixed by
10% formaldehyde solution for histologic analysis or stored at —70 °C
for RNA extraction.

4.10. Histological analysis

After fixation, dehydration, and antigen retrieval, liver section was
stained with haematoxylin and eosin (H&E) staining solution and
masson’s trichrome staining (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), and examined under light microscopy. At
least three different sections were examined per liver.

4.11. Immunohistochemistry

Paraffin fixed liver sections were fixed, and washed by PBS before
block with 3% H,0, solution. Liver sections were then washed by TBS-T
and blocked in blocking buffer containing 10% goat serum, 0.1% BSA,
0.2% gelatin at room temperature for 1h. Liver sections were then
incubated in primary antibody against PCNA (#2586, Cell Signaling
Technology), Ki67 (#ab15580, Abcam, Cambridge, UK), STAT3
(#ab68153, Abcam), and a-smooth muscle actin (a-SMA, #ab5694,
Abcam) in blocking buffer at 4 °C overnight, washed by TBS-T and then
incubated with HRP-conjugated secondary antibody. A set of slides
were processed without incubation with primary antibody as negative
control. The signal was detected by DAB peroxidase substrate kit
(Vector Laboratories, Burlingame, CA, USA). The slides were counter-
stained with hematoxylin and mounted. To quantify stains of different
proteins, pictures were taken of > 30 fields of view at 400 X magnifi-
cation. Adobe Photoshop CS6 software was used to pixel count the
positive staining. The stains were scored by three researchers separately
in blind.
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4.12. Measurement of serum pro-inflammatory cytokine and chemokine

Serum pro-inflammatory cytokine and chemokine levels were de-
termined using BioLegend LEGENDplex™ kits (BioLegend, San Diego,
CA, USA) according to the manufacture’s recommendations.

4.13. RNA isolation and quantitative real-time PCR

Total RNA from liver was isolated using Trizol® reagent
(Invitrogen). cDNA was synthesized from total RNA using random
primers and iScript™ cDNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA, USA) Expression levels of specific genes were quantified
by real-time PCR using SYBR Green Master Mix (Bio-Rad Laboratories).
The primer sequences were listed in Table 2.

4.14. Statistical analysis

Data are presented as mean * S.D. or mean = S.E.M. No animals
were excluded for analysis. All experiments were repeated two or more
times. Data were normally distributed, and the variance between
groups was not significantly different. Differences in measured vari-
ables between groups were analyzed by one-way or two-way ANOVA,
or the student’s t test by GraphPad Prism 5 software. Results were
considered statistically significant when p < 0.05.
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