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Abstract 

High morbidity and mortality are associated with acute liver injury (ALI) for which no effective targeted drugs 
or pharmacotherapies are available. Discovery of potential therapeutic targets as well as inhibitors that can 
alleviate ALI is imperative. As excessive inflammatory cytokines released by macrophages are a critical cause of 
liver injury, we aimed to find novel compounds that could inhibit macrophage expression of inflammatory 
cytokines and alleviate liver injury.  
Methods: A high throughput assay was established to screen a small molecule inhibitor library of epigenetic 
targets. A highly selective catalytic p300/CBP inhibitor A-485 was identified as a potent hit in vitro and 
administrated to the lipopolysaccharide (LPS)/D-galactosamine (GalN)-induced mice in vivo. For in vitro analysis, 
RAW264.7 cells and primary BMDM cells exposed to LPS were co-incubated with A-485. A model of acute 
liver injury induced by LPS and GalN was used for evaluation of in vivo treatment efficacy.  
Results: A-485 inhibited LPS–induced inflammatory cytokine expression in a concentration-dependent 
manner in vitro. Significantly, A-485 administration alleviated histopathological abnormalities, lowered plasma 
aminotransferases, and improved the survival rate in the LPS/GalN-stimulated mice. Integrative ChIP-Seq and 
transcriptome analysis in the ALI animal model and macrophages revealed that A-485 preferentially blocked 
transcriptional activation of a broad set of pathologic genes enriched in inflammation-related signaling 
networks. Significant inhibition of H3K27ac/H3K18ac at promoter regions of these pivotal inflammatory genes 
was observed, in line with their suppressed transcription after A-485 treatment. Reduced expression of these 
pathological pro-inflammatory genes resulted in a decrease in inflammatory pathway activation, M1 polarization 
as well as reduced leukocyte infiltration in ALI mouse model, which accounted for the protective effects of 
A-485 on liver injury.  
Conclusion: Using a novel strategy targeting macrophage inflammatory activation and cytokine expression, we 
established a high-throughput screening assay to discover potential candidates for ALI treatment. We 
demonstrated that A-485, which targeted pathological inflammatory signaling networks at the level of 
chromatin, was pharmacologically effective in vivo and in vitro. Our study thus provided a novel target as well as 
a potential drug candidate for the treatment of liver injury and possibly for other acute inflammatory diseases. 
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Introduction 
Acute liver injury (ALI) is a common clinical 

disease caused by hepatotoxins originating from 
sepsis, side effects of drugs, alcohol abuse, metabolic 
syndrome, hepatitis virus, or bacterial infection. 
Despite considerable differences in their etiology, 
these conditions activate immune mechanisms that 
augment inflammation after the initial insult and may 
drive a lethal loss of hepatic function resulting from 
excessive death of hepatocytes [1]. So far, there is no 
pathogenesis-specific clinical treatment for ALI. The 
available treatment for ALI/acute liver failure is 
mostly supportive and aims to protect hepatocytes 
and prevent complications caused by severe liver 
dysfunction [2]. Therefore, there is an urgent need to 
identify specific targets and targeted 
drugs/chemo-therapies to treat ALI.  

Cells of the monocyte-macrophage lineage 
constitute a significant component of the host defense 
system present in the liver [3-5]. The 
pro-inflammatory response of macrophages has been 
implicated in the pathophysiology of ALI [3]. There is 
also a large body of evidence showing that the 
inhibition of undesired inflammation regulated by 
macrophages is an attractive potential strategy in the 
treatment of liver inflammation and injury [4, 5]. 
Macrophages are very plastic and adopt different 
phenotypes and transcriptional programs in response 
to the signals derived from the microenvironment. 
Macrophage function has traditionally been assigned 
as inflammatory or “M1 classically activated 
macrophage (CAM)” vs anti-inflammatory or “M2 
alternatively activated macrophage (AAM)”. 
Excessive M1 macrophages in the injured liver are 
believed to be the source of pro-inflammatory 
cytokines which promote cell apoptosis and tissue 
damage.  

Fine-tuned epigenetic machinery, regulating 
chromatin DNA or histones, has been reported to be 
involved in the macrophage activation as well as 
functional differentiation. HDAC3, a histone 
deacetylase, plays an important role in macrophage 
activation and inflammatory gene expression [6, 7]. 
Similarly, DNMT3b knockdown has been reported to 
suppress adipose tissue macrophage activation and 
promote macrophage polarization to M2 phenotype 
[8]. In recent years, the application of epigenetic 
modulators in inflammatory diseases has gained 
increasing attention. Several drugs targeting the 
epigenetic machinery, HDACi or DNMTi, as well as 
their combinations, have emerged as attractive 
potential therapies for the treatment of inflammation 
by modulating macrophages [6]. Thus, small molecule 
compounds targeting epigenetic machinery might be 

an attractive pool for the discovery of potential drug 
candidates to inhibit macrophage activation. 
However, the lack of effective screening assays 
limited the discovery of novel epigenetic small 
molecule modulators of inflammatory macrophage 
activation and the exploration of the roles of 
epigenetic targets in this process. Previous studies 
were focused on testing the effects of HDACi or 
DNMTi on macrophage activation, therefore, 
discovery of new epigenetic modulators for 
manipulating macrophages is needed.  

Epigenetic small molecule modulators remain a 
poorly exploited pool for the discovery of novel 
inhibitors of inflammatory macrophage activation. In 
this study, we aimed to identify novel targets as well 
as candidates for the treatment of ALI and other 
inflammatory diseases. We thus built an in-house 
epigenetic small molecule library containing 50 
compounds, which were of high selectivity and 
potency for targeting crucial epigenetic proteins, and 
screened for novel epigenetic inhibitors of 
inflammatory macrophage activation. The high 
throughput screening identified A-485, a highly 
selective catalytic p300/CBP inhibitor, as a potent 
inhibitor of the excessive cytokine expression by 
macrophages. A-485 significantly alleviated liver 
injury relieving inflammation by epigenetically 
blocking transcriptional activation of a broad set of 
pathological genes, which were enriched in the 
inflammation-related signaling network.  

Materials and Methods 
Animal Experiments 

Female C57BL/6J 10- to 12-week-old mice 
(specific pathogen-free), with body weights ranging 
from 20 to 22 g, were purchased from SIMM Animal 
Center (Shanghai, China). All mice were fed a 
standard laboratory diet and provided with free 
access to water. The animals were housed under 
standard laboratory conditions (21±2°C, 12-h 
light-dark cycle). All animal experiments were 
performed based on the institutional ethical 
guidelines on animal care and were approved by the 
Institute Animal Care and Use Committee at the 
Shanghai Institute of Materia Medica. Mice were 
randomly divided into three groups: NC group 
intraperitoneally injected with vehicle, ALI model 
group intraperitoneally injected with LPS (Escherichia 
coli, 0111:B4, Sigma, 2 mg/kg) and GalN (Sigma, 250 
mg/kg) dissolved in PBS, and A-485-treated group 
(100mg/kg) intraperitoneally injected simultaneously 
with the treatment in the ALI model. After 4 hours of 
treatment, all mice were sacrificed and the liver 
tissues as well as blood were harvested. To evaluate 
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the potential effects of A-485 on the survival rate in 
LPS/GalN-challenged mice, another set of mice were 
allocated to the same three groups described 
previously. Survival was assessed in the mice every 1 
hour for 1 day. 

HE Staining, TUNEL Staining, and 
Immunohistochemical Analysis  

Liver tissues were fixed in 4% paraformaldehyde 
overnight, embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin (H&E; Wuhan 
goodbio G1005) or terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL; Roche 
11684817910) according to the manufacturer’s 
protocol. For immunohistochemistry, primary 
antibodies, which were directed against F4/80 (1:100, 
MAB5580, RD), Ly-6G (1:100, MAB1037-100, RD), 
CD86 (1:100, MAB0803, Novus), or CD206 (1:100, 
AF2535, RD), were incubated for 30 minutes at room 
temperature. Subsequently, the slides were further 
processed using corresponding secondary antibodies, 
followed by counter-staining with hematoxylin.  

Cell Culture 
Cell lines RAW264.7 and L02 were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) with 
10% heat-inactivated fetal bovine serum (FBS, Gibco, 
Australia) using cell culturing plates (In vitro 
scientific). For stimulation, cells were treated with LPS 
(Escherichia coli, 055:B5, Sigma, 1 μg/mL) and/or 
A-485 (2.2 μM, 6.6 μM, 13.2 μM, 20 μM) for 4 h or 24 h. 
293T cells were cultured in DMEM media with 10% 
FBS. All cells were cultured at 37°C, 5% CO2 with 
complete media and only exponentially growing 
cultures were used for assays. 

Murine bone marrow derived macrophages 
(BMDM) were isolated from the tibia and femur of 
female C57BL/6J mice and were cultured in a sterile 
dish containing complete macrophage medium 
consisting of DMEM, 10% FBS, and 20 ng/ml M-CSF. 
For stimulation, cells were treated with LPS 
(Escherichia coli, 055:B5, Sigma, 1 μg/mL) and/or 
A-485 (2.2 μM, 6.6 μM, 13.2 μM, 20 μM) for 4 h or 24 h. 
Cells were cultured at 37°C, 5% CO2 with complete 
media.  

shRNA Construct and Transfection 
Ep300 shRNA sequences and a control shRNA 

were integrated into the lentiviral vector 
pLent-U6-GFP-Puro (Vigenebio, China), and the 
constructed shRNA- pLent-U6-GFP-Puro plasmid 
was transfected into 293T cells. The supernatant was 
collected and filtered at 48 and 72 h after transfection. 
RAW264.7 cells were infected with shRNA lentiviral 
particles in the presence of 10 μg/ml Polybrene. After 

two days of puromycin selection, RAW264.7 cells 
were collected for subsequent experiments. Primer 
sequences for Ep300 knockdown are presented in 
Table S1. 

RNA-Seq Analysis 
Total RNA isolated from RAW264.7 

macrophages and mice liver tissues were used to 
prepare cDNA libraries that were subsequently 
sequenced on the Illumina HiSeq2000 using 
paired-end methods. The sequencing reads were 
mapped to mm10 by using STAR 2.5 and feature 
counts software was used to quantify gene expression 
[9]. Differential gene expression analysis was 
performed by edgeR R package [10, 11]. The p values 
were adjusted through the Benjamini & Hochberg 
method, and both 5% FDR cut-off and fold change 
greater than 1.5 were set as a threshold for significant 
genes. Differentially expressed genes were further 
analyzed by gene-annotation enrichment analysis 
using DAVID 6.8 bioinformatics platform. Network 
analysis was performed by using Cytoscape [12].  

ChIP-Seq and Motif-enrichment Analysis 
ChIP analysis of H3K27ac and H3K18ac was 

performed as previously described [13, 14] using 1 × 
107 RAW264.7 cells. ChIP DNA was purified, and 
libraries were prepared with NEBNext® Ultra™II 
DNA Library Prep Kit from Illumina (NEB, E7645S). 
Raw reads were mapped to the mm10/GRCm38 Mus 
musculus genome with Bowtie (version 1.1.1) with the 
parameters –m 1 –k 1. ChIP-seq peaks were called by 
Model-based Analysis for ChIP-seq (MACS) (version 
1.3.7.1) with the parameters –broad –nomodel –
nolambda. We pooled the biological replicates 
together for each stage and performed the 
downstream analysis. Motif analysis was performed 
using HOMER [15], and target genes of TF were 
identified using ENCODE Transcription Factor 
Binding Site Profiles database, CHEA Transcription 
Factor Targets database and Cistrome Data Browser 
[16]. 

Flow Cytometry Analysis 
After different treatments, RAW264.7 cells and 

BMDM cells were resuspended in BD Pharmingen 
staining buffer (cat# 554657; BD Biosciences). Cells 
were incubated with FC block (cat# 553141; BD 
Biosciences) for 20 minutes. Subsequently, cells were 
washed and resuspended in 100 μl of BD Pharmingen 
staining buffer and incubated with PE Rat 
Anti-Mouse F4/80 (cat# 565410; BD Biosciences), 
FITC Rat Anti-CD11b (cat# 557396; BD Biosciences), 
PE-CyTM7 Rat Anti-Mouse CD86 (cat# 560582; BD 
Biosciences), Alexa Flour® 647 Rat Anti-Mouse 
CD206 (cat# 565250; BD Biosciences) on ice for 30 
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minutes. Cells were washed three times with staining 
buffer and resuspended in staining buffer. Cells were 
centrifuged and resuspended in staining buffer for 
FACS analysis (FACS Celesta; BD Bioscience, San 
Jose, USA). FACS data analysis was performed using 
FLOWJOTM Software. 
RNA Extraction and Quantitative RT-PCR 

Total RNA extraction reagent (Vazyme, China) 
was used to isolate the total RNA from liver tissues 
and cells, and RNA was converted into cDNA with 
special cDNA synthesis kit (Vazyme, China) 
according to the manufacturer’s protocol. Gene 
expression was measured using quantitative RT-PCR 
on Quant Studio 6 Flex Real-Time PCR system (ABI). 
Expression of target genes was normalized with 
Gapdh and calculated using ∆∆Ct method. The primer 
sequences are listed in Table S2.  

One Step RT-PCR 
RAW264.7 cells were seeded in 96-well cell 

culturing plates (In vitro scientific) overnight and 
sequentially stimulated with LPS after 
24h-pretreatment of compounds (20 μM) or LPS 
solely. Cells were harvested 4 hours after LPS 
stimulation with in-house lysis buffer. Cytolysis was 
then subjected to real-time qPCR using TransScript® 
Green One-Step RT-qPCR Supermix (AQ211, 
Transgene). 

Western Blotting  
Total protein was obtained from frozen liver and 

cultured cells. After quantification, samples were 
separated by SDS-PAGE and transferred onto a 
nitrocellulose membrane (Millipore, Temecula, CA, 
USA). Target protein bands were visualized using the 
enhanced chemiluminescence method in a 
ChemiScope3400 imaging system using ECL substrate 
(Clinx). Primary antibodies used are listed in Table S3. 
Biochemical Analysis and Cytokine 
Measurement 

Serum alanine aminotransferase (ALT), aspartate 
aminotransferase (AST) and total bilirubin (T-Bil) 
were assessed using a Hitachi 7020 automatic 
analyzer (Hitachi, Tokyo, Japan). Cytokines were 
quantitatively measured using Elisa kits (Thermo, 
88-7064), according to manufacturer protocol. 

ELISA  
The concentration of IL-6, TNF-α, and IL-1β in 

liver tissues or culture supernatants were analyzed 
using ELISA kits (No. EMIL6RA, 88-7324-22, 
BMS6002; Thermo Scientific) according to the 
manufacturer’s instructions. All samples were 
analyzed in duplicates. 

Statistical analysis 
All numerical results were expressed as the 

mean ± SD and represented data from a minimum of 
three independent experiments. A two-tailed 
unpaired t-test was used to analyze differences 
between two groups. All analyses were performed 
using GraphPad Prism 7.0 statistical software 
(GraphPad Software, Inc., La Jolla, CA, USA). The 
level of statistical significance was set at P<0.05. 

Results 
High-throughput screening identified novel 
compounds that inhibited macrophages Il1β 
production in response to LPS stimulation  

Up to now, high-throughput screening method 
has not been used to identify small-molecule 
compounds, which can inhibit the inflammatory 
response, for pharmacological applications in treating 
ALI or other inflammation-related metabolic 
disorders. We, therefore, sought to identify small 
molecule compounds that could inhibit inflammatory 
cytokine release by macrophages by setting up a 
screening assay. Our high-throughput assay was 
based on one-step qPCR for detecting cytokine Il1β 
mRNA expression as a readout for macrophage 
activation, because IL-1β stands at the center of the 
inflammatory response and is one of the major 
initiators of liver injury [17-19]. Antibody blocking the 
IL-1 type I receptor (IL-1RI) to alleviate ALI [19] and 
some compounds hindering IL-1β functions have 
been reported to have potent anti-inflammatory 
effects [20].  

RAW264.7 cells were seeded in 96-well plates 
and stimulated by LPS in the presence of each 
compounds in the library (Figure 1A). Subsequently, 
the library containing 50 molecule probes targeting 
epigenetic proteins was screened to find small 
molecule compounds able to inhibit Il1β expression 
(Table S4). In total, we identified more than 10 hits 
including belinostat, vorinostat and PCI-24781 
(HDAC inhibitor); MI503 (Menin-MLL inhibitor); 
PTC-209 (BMI-1 inhibitor); 666-15 (CREB inhibitor); 
SGC-CBP30 and CPI-673 (p300/CBP bromodomain 
inhibitors); A-485 (p300/CBP HAT domain inhibitor); 
rucaparib (PARP inhibitor); bortezomib and 
carfilzomib (proteasome inhibitors) (Figure 1B). These 
compounds could significantly inhibit the mRNA 
expression of Il1β induced by LPS stimulation in 
RAW264.7 cells. The inhibitory effect of vorinostat 
[21], belinostat [22], PARP inhibitor [23], proteasome 
inhibitors bortezomib [24] and carfilzomib [25] on 
macrophage activation and excessive cytokine release 
has been described before and validated high 
efficiency of our high-throughput screening assay to 
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find effective molecules. We noticed that all there 
inhibitors targeting the transcriptional coactivator 
p300/CBP/CREB complex, SGC-CBP30 (CBP 
bromodomain inhibitor) [26], CPI-673 (p300/CBP 
bromodomain inhibitor) [22] and A-485 (p300/CBP 
histone acetyltransferase domain inhibitor) [27] 
showed striking inhibitory effects. A-485, a newly 
reported highly selective catalytic p300/CBP 

inhibitor, showed the most potent inhibitory effects 
(Figure 1C). Whether p300 could serve as a potential 
target and p300 inhibitors could inhibit macrophage 
activation and alleviate ALI has not been studied 
previously. We, therefore, focused on A-485 to 
investigate its potential role in the treatment of acute 
liver injury.  

 

 
Figure 1. One-step RT-qPCR identified a selective catalytic p300/CBP inhibitor A-485 that decreased LPS-stimulated macrophage Il1β production. (A) 
Flow chart of the high-throughput screening assay for small-molecule inhibitors of macrophage activation and cytokine expression. (B) Results of high-throughput screening using 
a library containing 50 small-molecule probes. Inhibitors highlighted by dashed line in red are categorized as p300/CBP inhibitors. (C) Effects of p300/CBP inhibitors. SGC-CBP30, 
CPI-673, and A-485 are inhibitors of p300/CBP, inhibiting the bromodomain (SGC-CBP30 and CPI-673) or the histone acetyltransferase domain (A-485). The RT-qPCR data 
were normalized to a reference gene, Gapdh, and are shown as mean ± SD based on three independent experiments. 
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Figure 2. A-485 inhibited inflammatory responses through inhibition of the catalytic function of p300. (A) RAW264.7 and BMDM cells were treated with LPS and 
A-485 for 4 h, after which the Tnfα, Il1β, and Il6 mRNAs were quantified by RT-qPCR analysis. (B) RAW264.7 and BMDM cells were treated with LPS and A-485 for 24 h. The 
TNF-α, IL-1β and IL-6 concentrations in culture supernatants were determined by ELISA. (C) Western blot analysis of H3K27 and H3K18 acetylation in LPS-challenged 
RAW264.7 cells. (D) The knockdown efficiency of shRNAs targeting Ep300 in RAW264.7 cells at the mRNA level. (E) RT-qPCR analysis of Tnfα, Il1β and Il6 mRNA in Ep300 
knockdown and DMSO control RAW264.7 cells stimulated with LPS for 4 h (E, Left). TNF-α, IL-1β, and IL-6 concentrations in culture supernatants were detected by ELISA 
after stimulating with LPS for 24 h (E, Right). (n=3) Data are shown as mean ± SD. ns P>0.05, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs LPS group, ### P<0.001 and 
####P<0.0001 vs control group. 

 

Inhibition of p300 suppressed macrophage 
inflammatory responses 

We next evaluated the in vitro effect of A-485 on 
LPS-induced cytokine expression, which is indicative 
of macrophage inflammatory activation. IL-6, TNF-α, 
and IL-1β are recognized as representative 
inflammatory mediators, and their expression levels 
are positively correlated with the severity of the 
inflammatory response [28]. We cultured RAW264.7 
and BMDM cells in the presence or absence of A-485 
and treated them with LPS (1μg/mL) for 4 or 24 h. 
RT-qPCR and ELISA were used to detect the mRNA 
expression levels in the cells or protein secretion 
levels in the supernatant, respectively, of Il6, Tnfα, and 
Il1β. Data showed that RAW264.7 cells stimulated 
with LPS showed a significant increase in the mRNA 
and protein expression levels of Il6, Tnfα and Il1β. 
However, co-treatment with A-485 abrogated the 
LPS-induced transcription and expression of these 
cytokines in a concentration-dependent manner 
(Figure 2A, 2B; left panel). Similarly, A-485 treatment 

also impaired LPS-induced pro-inflammatory gene 
expression at both mRNA and protein levels in 
BMDM cells (Figure 2A, 2B; right panel). When we 
shortened the co-treatment time to 4 h, A-485 
similarly decreased protein secretion of 
pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) 
stimulated by LPS (Figure S1A). We also examined 
the effect of A-485 on hepatocytes under LPS 
challenge. The mRNA expression of Il1β, Il6, and Tnfα 
in hepatocytes (L02 cells) remained unchanged in 
response to either LPS stimulation or A-485 
administration (Figure S1B). Furthermore, A-485 
treatment showed little cytotoxicity in both 
macrophages and hepatocytes (Figure S2). These data 
demonstrated that the p300/CBP HAT inhibitor had 
cell-specific inhibitory effects on inflammatory gene 
expression in vitro, and also suggested that 
macrophages were a major cell target of A-485.  

A-485 was reported to specifically inhibit 
p300/CBP-catalyzed acetylation of histone H3 lysine 
27 (H3K27) and lysine 18 (H3K18) sites. Western 
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blotting showed reduced H3K27 and H3K18 
acetylation in RAW264.7 cells treated with A-485, thus 
confirming that the anti-inflammatory effect of A-485 
was associated with enzymatic inhibition of its target 
p300/CBP (Figure 2C, S3). Quantifications of the 
western blot data was showed in Figure S3. To further 
prove that the anti-inflammatory effect of A-485 was 
due to targeted inhibition of p300, we tested the effect 
of Ep300 knockdown on cytokine expression and 
secretion in RAW264.7 cells, which were infected with 
lentivirus carrying short hairpin RNA (shRNA) 
targeting Ep300 gene or non-targeting shRNA. 
Knocking down efficiency was confirmed by 
RT-qPCR 48 h post infection (Figure 2D). The 
knockdown and control cells were stimulated with 
LPS, and mRNA and protein levels of Il6, Tnfα, and 
Il1β were quantified by RT-qPCR as well as ELISA. 
Consistent with the anti-inflammatory effects of 
A-485, Ep300 knockdown significantly inhibited the 
expression of these cytokines (Figure 2E). The 
pharmacological inhibitor A-485 showed stronger 
effect than Ep300 knockdown, perhaps due to the fact 
that A-485 simultaneously targeted both p300 and 
CBP or that Ep300 knockdown efficiency was less 
potent compared with chemical inhibition. Taken 
together, these results suggested that A-485 potently 
inhibited pro-inflammatory gene expression and 
protein secretion through inhibition of the catalytic 
function of p300.  

A-485 exerted protective effects on a 
LPS/GalN-induced ALI model in mice 

Pro-inflammation cytokines have been reported 
to promote hepatic injury in ALI mice [29, 30]. We 
examined whether A-485 treatment could protect 
mice from LPS/GalN-induced ALI by inhibiting 
cytokine expression in mice. After the mice were 
injected with LPS/GalN, they were observed for 24 h 
to determine the survival rate. Consistent with the 
previous studies, we observed markedly increased 
incidence of lethality in LPS/GalN-induced ALI mice. 
Compared with LPS/GalN injected ALI animals, 24 h 
survival rate of the ALI group increased significantly 
upon co-treatment with A-485 at 100mg/kg (ALI 
group: 28% vs A-485: 92%, p<0.0001, Figure 3A). The 
levels of serum ALT, AST and T-Bil, three important 
indicators of liver function, were markedly higher at 4 
h after LPS/GalN exposure compared to the control 
group indicating severe liver injury induced by 
LPS/GalN. Co-treatment with A-485 significantly 
reduced the content of serum ALT, AST and T-Bil 
(Figure 3B).  

Furthermore, the liver morphology was 
apparently improved to the naked eye. Compared 
with the control group, the liver appearance of mice in 

the ALI group was significantly deepened in color 
and enlarged in volume; this abnormal macroscopic 
morphology was significantly alleviated when mice 
were co-treated with A-485 (Figure 3C). Also, HE 
staining of liver tissues in ALI mice showed severe 
histological abnormalities, including liver tissue 
structure destruction, hepatocyte necrosis, congestion 
and inflammatory cell infiltration. These effects were 
clearly ameliorated in the A-485-treated group (Figure 
3D). Similarly, TUNEL staining showed increased 
hepatocyte apoptosis in the liver tissues of ALI mice 
while A-485 co-treatment could significantly reduce 
apoptotic cells in the liver (Figure 3E). Consistently, 
significant cleavage and activation of Caspase3 
protein were observed in the liver tissues of the ALI 
group, and this process was obviously inhibited after 
A-485 intervention (Figure S4). These data collectively 
suggested that mice co-treated with A-485 
significantly reduced the severity of liver injury. 

We noticed that H3K27ac and H3K18ac levels 
were markedly higher in ALI liver compared with 
control liver which suggested the involvement of 
acetylation in ALI pathogenesis. A-485 treatment 
reduced H3K27ac and H3K18ac to the level 
comparable to the control group indicating targeted 
inhibition of p300/CBP (Figure S5). We next tested 
whether A-485 inhibited pro-inflammatory cytokine 
expression in vivo. Compared with the control group, 
the expression of pro-inflammatory mediators (IL-1β, 
IL-6, and TNF-α) increase obviously in the ALI model 
group. Also, ELISA assays revealed that A-485 
treatment significantly reduced these cytokine levels 
in the supernatant, which is consistent with the in vitro 
results (Figure 3F). Collectively, these results 
established reliable evidence that A-485 inhibited 
inflammatory cytokine expression and hepatocyte 
apoptosis, reduced the structural and functional 
damage of liver tissue, and promoted survival of mice 
with ALI. 

A-485 blocked transcriptional activation of a 
broad set of pathological genes enriched in 
inflammatory cytokines and chemokines 

To explore the mechanism underlying the 
substantial improvement in survival as well as liver 
structure and function in ALI by A-485 treatment, 
RNA-seq analysis was employed to compare the gene 
expression profiles of liver tissues from control mice 
and LPS/GalN-challenged mice with or without 
A-485 treatment. Unsupervised hierarchical clustering 
was applied to explore the gene expression profile 
among the three groups. As shown in Figure 4A, 
while the clustering pattern from the LPS/GalN 
exposure group was highly different (Figure 4A), 
whereas clustering patterns of gene expression 
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between the control group and A-485-treated group 
were quite similar, reflecting broad suppression of 
pathologic state. LPS/GalN exposure induced vast 
gene expression changes. There was significant 
upregulation of 3642 genes upon LPS/GalN 
stimulation, among which the most noteworthy 
feature was the systematic production of 
inflammatory cytokines and chemokines. In 
A-485-treated group, 60% (2186) of genes induced by 

LPS/GalN challenge were reversed which was 
consistent with the significant improvement in the 
ALI phenotype (Figure 4B). The KEGG pathway 
analysis performed using differentially expressed 
genes between the LPS/GalN-exposed ALI group and 
the control group showed that predominantly 
affected pathways were associated with inflammation 
and apoptosis (Figure 4C), which were significantly 
suppressed by A-485 treatment. 

 

 
Figure 3. A-485 exerted protective effects on the LPS/GalN-induced ALI model in mice. (A) Survival curves for mice from the NC group (n=15), ALI model group 
(n=25), and A-485-treated group (n=25). (B) Serum ALT, AST, and T-Bil in mice from the NC group, ALI model group, and A-485-treated group (n=15). (C) Morphological 
changes of livers in mice from the indicated groups. (D and E) Histological examination of liver tissues. H&E (D) and TUNEL (E) staining of liver tissues of mice from 
the indicated groups. (F) ELISA detected the TNF-α, IL-1β, and IL-6 concentrations in liver tissues (n=6). Data are shown as mean ± SD. ****P<0.0001 vs ALI model group, 
####P<0.0001 vs control group. 
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Figure 4. A-485 regulated inflammatory gene expression in vivo as determined by RNA sequencing. (A-D) RNA-seq analysis was performed on liver tissues 
extracted from mice in the control (n=5), ALI model (n=6), and A-485-treated groups (n=6). (A) The heat map of genes with adjusted P value <0.05, and absolute value of 
log2 fold-change >1.5. (B) Venn diagram showing the overlap between the gene set of LPS/GalN-induced upregulated genes and the gene set subsequently downregulated by 
A-485 in vivo. (C) KEGG pathway analysis using differentially expressed genes between the LPS/GalN-exposed ALI group and the control group, showing that the most 
significantly enriched pathways are related to the inflammatory response. (D) Visualization of inflammation network and top 10 hub genes. Inflammatory gene network was 
constructed by mapping genes from the top 10 most significantly affected pathways to the PPI network using Maximal Clique Centrality method. (E) Heat map of top 10 hub 
genes. (F) RT-qPCR analysis was performed to validate the repression of hub genes by A-485 (n=5). Data are shown as mean ± SD. ****P<0.0001 vs ALI model group, 
####P<0.0001 vs control group. 

 
Network analysis was further conducted by 

mapping genes from the top 10 most significantly 
A-485-affected pathways to the PPI network. The 
results revealed cross-links between inflammatory 
pathways of which the hub genes showed top 10% 
connectivity in the pro-inflammatory network (Top 10 
hub genes are shown as Figure 4D and 4E, the full list 

of hub genes is shown in Table S5). These hub genes 
stood at the convergence points of the prominently 
affected pathways by A-485 treatment. Most hub 
genes were cytokines and chemokines with crucial 
functions in the inflammatory response and have been 
reported to be central for ALI pathogenesis, such as 
Il1β, Il1α, Il6, Ccl2, and Ccl12. A-485 repressed 
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expression of these hub genes in vivo (Figure 4E, 4F) 
which could further inhibit the cascade signal 
transduction of inflammatory response. In summary, 
these results suggested the significant alleviation of 
ALI by A-485 can be mainly attributed to diminishing 
the pathological gene expression related to 
inflammatory activation.  

We next investigated the molecular mechanism 
by which A-485 ameliorated the inflammatory 
response in the macrophage model challenged by 
LPS. To gain a more global view of gene expression 
changes after A-485 treatment, we carried out 
RNA-seq analysis on RAW264.7 in the following 
groups: DMSO control group, A-485 6.6 μM control 
group, A-485 13.2 μM control group, LPS stimulation 
+ DMSO group, LPS stimulation + A-485 6.6 μM 
group, and LPS stimulation + A-485 13.2 μM group 
(Figure S6). Four of these groups are shown in Figure 
5A. When comparing the DMSO control group and 
LPS stimulation + DMSO group, a large number of 
genes were up-regulated upon LPS stimulation, most 
of which reversed to the level close to the DMSO 
control group after A-485 treatment (Figure 5A). Of 
the 1275 LPS-induced genes, 830 (65%) showed 
significantly repressed expression when cells were 
treated with A-485 (13.2 μM) (Figure 5B) which 
implied that the most of LPS-induced inflammatory 
transcriptional process was compromised after A-485 
administration. The inhibitory effects of A-485 were 
specific since A-485 had no broad effect on rescuing 
genes down-regulated after LPS stimulation, 
consistent with the primary function of p300 as a 
transcriptional activator. By analyzing the effect of 
A-485 on genes which were repressed upon LPS 
stimulation, we found the overall impact of A-485 
administration to be relatively small, with only 185 
(11 %) of 1630 LPS-repressed genes partially or 
completely rescued (Figure S7). Furthermore, 
comparison between the DMSO control and A-485 
group revealed that A-485 showed mild effects on 
basal expression of the LPS-induced gene expression 
(Figure 5A). The contribution of A-485 to relieve 
LPS-induced repression was relatively marginal. 
Thus, A-485 inhibited a broad but specific set of 
pathological genes related to inflammation. 

Further gene-annotation enrichment analysis 
revealed that most prominent KEGG pathways 
affected in LPS-activated macrophages were 
inflammation-related and were broadly inhibited by 
A-485 treatment. These results were consistent with 
RNA-seq analysis in vivo (Figure 4C, 5C). Also, most 
of pro-inflammatory cytokines and chemokines 
previously identified as hub genes in ALI mouse 
model (Figure 4D) were inhibited by A-485 
administration (Figure 5D). Among the enriched 

KEGG pathways, TNF, Cytokine-cytokine receptor 
interaction, NOD-like receptor, NF-kappaB, Toll-like 
receptor and MAPK signaling pathways ranked 
among the top significantly influenced pathways 
following A-485 treatment (Figure 5C). RT-qPCR 
analysis verified that A-485 administration inhibited 
expression of the hub genes in macrophages as well as 
in liver tissues (Figure 4F, 5E). Together, these data 
indicated that A-485 dampened pro-inflammatory 
state in response to LPS by suppressing a broad subset 
of pathological genes, especially pro-inflammatory 
cytokines and chemokines. 

A-485 suppressed acetylation of H3K27 and 
H3K18 at pro-inflammatory gene promoters 

As a specific p300/CBP HAT domain inhibitor 
with high selectivity, A-485 reversed the increased 
H3K27ac/H3K18ac level in response to LPS/GalN 
challenge in vivo and LPS stimulation in vitro. 
Modification of H3K27ac and H3K18ac plays a key 
role in the activation of gene expression. RNA-seq 
analysis in ALI model mice as well as in macrophages 
showed that A-485 effectively suppressed 
inflammatory gene expression. To test whether 
repressed gene expression was due to decreased 
H3K27ac/H3K18ac by A-485, we performed ChIP-seq 
to explore genome-wide H3K18ac/H3K27ac 
alternations, and correlated changes in 
H3K27ac/H3K18ac with changes in gene expression 
after A-485 treatment. LPS stimulation altered the 
H3K27ac and H3K18ac distribution state. H3K27ac 
and H3K18ac density increased significantly when 
compared to the DMSO-treated group (Figure 6A), 
indicating that the transcriptional activation of 
LPS-induced inflammatory genes was dependent on 
H3K27ac and H3K18ac. A-485 treatment reduced 
H3K27ac notably while H3K18ac to a much less extent 
(Figure 6A, S8).  

Integrating and comparing the changes of 
H3K27ac and H3K18ac with the transcriptomic 
changes induced by A-485 treatment revealed the 
direct mechanism by which A-485 alleviated 
inflammation response. We performed integrative 
ChIP-Seq and transcriptome analysis to identify the 
subset of LPS-induced genes, whose expression was 
under the direct control of acetylation modification at 
promoter regions mediated by p300/CBP. Among the 
1275 LPS-inducible genes identified in RNA-seq 
analysis, 311 showed elevated H3K27ac or H3K18ac at 
their promotors upon LPS stimulation (Figure S9A). 
Notably, 176 of these genes (56.59%) were specifically 
repressed by A-485 at both transcriptional and 
epigenetic/chromatin levels (Figure S9B). Most 
importantly, A-485 treatment reduced mRNA 
expression as well as H3K27ac/H3K18ac deposition 
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at promoter regions of most pivotal hub genes, which 
were at the convergence point of A-485-inhibited 
inflammation-related pathways and acted as master 
regulators of inflammation, such as Il1β, Il1α, Il6, Ccl5, 
and Ccl2 (Figure 6B). Gene tracks showing H3K27ac 
and H3K18ac peaks at Tnf, Il6, Il1β, Ccl2, Ccl5, and 
Ccl3 promoters are displayed in Figure 6C and 6D. 

LPS stimulation caused significantly increased 
H3K27ac and H3K18ac peaks at the promoters of Tnf, 
Il6, Il1β, Ccl2, Ccl5, and Ccl3, implying enhanced 
transcriptional activity of inflammatory genes (Figure 
6C, 6D). The H3K27ac and H3K18ac density at these 
inflammatory genes induced by LPS was significantly 
suppressed by A-485 (Figure 6C, 6D).  

 

 
Figure 5. A-485 regulated inflammatory gene expression in RAW264.7 cells as determined by RNA sequencing. (A-E) RNA-seq analysis was performed using 
RAW264.7 cells treated with DMSO or LPS (1 μg/ml) for 4 h, or treated with LPS and A-485 (13.2 μM) for 4 h (n=3). (A) Heat map of genes with adjusted P value <0.05, and 
absolute value of log2 fold-change >1.5. (B) Venn diagram showing the overlap between the LPS-induced genes and the genes whose activation was reduced by A-485. (C) KEGG 
pathway analysis using differentially expressed genes between the LPS-exposed and A-485-treated groups. (D) Heat map of representative key genes in the NF-κB signaling 
pathway, NOD-like receptor signaling pathway, and MAPK signaling pathway. Hub genes are highlighted in red. (E) RT-qPCR analysis was performed to validate the repression 
of hub genes by A-485 (n=3). Data are shown as mean ± SD. **P<0.01, ***P<0.001 and ****P<0.0001 vs ALI model group; ##P<0.01, and ####P<0.0001 vs DMSO group. 
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Figure 6. A-485 suppressed H3K27ac and/or H3K18ac density at promoter regions of pivotal pro-inflammatory genes. (A) Heat map displaying ChIP-Seq signal 
enrichment changes in H3K27ac (left) and H3K18ac (right) between indicated groups. (B) Heat map of gene expression (left) and H3K27ac occupancy (right) of representative 
inflammatory genes. (C-D) Read density of H3K27ac and H3K18ac at pivotal cytokine and chemokine genes (such as Tnf, Il6, Il1β, Ccl2, Ccl5, and Ccl3) in macrophages from four 
indicated groups. Gene tracks were visualized using Integrative Genomics Viewer. (E-F) Top 3 most enriched A-485 affected motifs in H3K27ac ChIP-seq data (E) and H3K18ac 
ChIP-seq data (F). Representative target genes for these TF are identified using ENCODE Transcription Factor Binding Site Profiles database, CHEA Transcription Factor 
Targets database and Cistrome Data Browser. 
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Motif enrichment analysis was further 
performed to reveal potential transcriptional factors 
whose transcriptional activation of these pathological 
genes were associated with H3K27ac/H3K18ac and 
were affected by A-485. Firstly, genomic locations 
with increased H3K27ac or H3K18ac level after LPS 
administration (LPS group & DMSO control group) 
were used to identify TF binging motifs associated 
with increased H3K27ac or H3K18ac after LPS 
stimulation. As expected, enriched motifs associated 
with increased H3K27ac or H3K18ac after LPS 
stimulation are mainly binding motifs for 
transcription factors which play crucial roles in 
inflammation response (Table S6, S7). These results 
suggested that binding of these important 
transcription factors to target gene promoter in 
response to LPS couples with H3K27ac and H3K18ac 
deposition at the region around the TF binding motifs 
to facilitate transcription. Next, motif enrichment 
analysis was performed in genomic locations with 
reduced H3K27ac or H3K18ac level by A-485 
treatment (LPS + A-485 group & LPS group) (Table 
S6, S7). Notably, for H3K27ac ChIP-seq data, among 
top 30 most enriched LPS-affected motifs (associated 
with increased H3K27ac after LPS stimulation), 20 
(66.67%) of them were identified as A-485 affected 
motifs (with decreased H3K27ac around the TF 
binding motif after A-485 treatment) (Table S6). 
Similar results were obtained when H3K18ac 
ChIP-seq data were used for motif analysis. 21 (70%) 
of top 30 LPS-affected motifs (associated with 
increased H3K18ac after LPS stimulation) were 
identified as A-485 affected motifs (with decreased 
H3K18ac around the TF binding motif after A-485 
treatment) (Table S7). Among these identified A-485 
affected motifs (with increased H3K27ac/H3K18ac 
level in response to LPS, and decreased level after 
A-485 treatment), binging motifs for ETV1, ETS1, IRF1 
were the three most enriched in H3K27ac ChIP-seq 
data, while ETS1, Fli1 and ETV1 were the three most 
enriched in H3K18ac ChIP-seq data. ETS and IRF 
families play important roles in regulating 
pro-inflammatory genes [31-33], and target genes of 
ETS1, Fli1, ETV1, and IRF1 contained many crucial 
pro-inflammatory cytokines and chemokines (Figure 
6E, 6F). Taken together, motif-enrichment analysis 
revealed that A-485 treatment inhibited 
H3K27ac/H3K18ac deposition around the TF binding 
region of the pathological inflammatory genes, 
indicating reduced transcriptional activation of 
pathologic genes by these crucial transcriptional 
factors.  

Taken together, A-485 suppressed expression of 
a broad set of pathological genes, especially pivotal 
pro-inflammatory genes, by decreasing 

H3K27ac/H3K18ac deposition at their promoters and 
hindering their transcriptional activation by crucial 
TFs, restraining the inflammatory cascades.  

A-485 impaired activation of key 
pro-inflammatory pathways and reduced 
infiltration of macrophages and neutrophils in 
vivo 

The results of ChIP-seq together with RNA-seq 
showed A-485 treatment epigenetically silenced hub 
genes encoding pro-inflammatory cytokines and 
chemokines at the chromatin level, including Tnfα, Il6, 
and Il1β. These genes directly have been reported to 
activate NF-κB, MAPK and NLRP3 signaling 
pathways [34-37], triggering inflammatory cascade 
and augmented detrimental inflammation. These 
signaling pathways have been reported to be crucial 
for ALI pathogenesis [38-40]. As shown by our 
transcriptomic analysis, inhibition of 
pro-inflammatory genes by A-485 probably led to 
repression of these signaling pathways. We thus next 
examined the effect of A-485 on the activation of 
NF-κB, MAPK, and NLRP3 signaling in 
LPS-stimulated macrophages and ALI liver tissues. 
Western blotting showed that treatment of A-485 
impaired the activation of NF-κB, MAPK, and NLRP3 
pathways in macrophages (Figure 7A, top). Similar 
results were observed in vivo (Figure 7A, middle). 
Further, to demonstrate that inhibition of pathways 
was due to on-target instead of off-target effects, the 
influence of Ep300 knockdown on pathways 
activation was assessed and was found to be similar to 
that of the compound treatment (Figure 7A, bottom). 
Quantifications of the western blot data was showed 
in Figure S10. These data demonstrated that A-485 
strongly impaired the activation of inflammatory 
signaling pathways. 

In the early stage of inflammation, secretion of 
pro-inflammatory cytokine TNF-α can drive 
macrophage polarization towards an inflammatory 
‘M1-like’ phenotype [3, 41]. Consistent with the 
massive inhibitory effects on cytokine expression and 
inflammatory pathway activation, A-485 inhibited 
macrophage M1 polarization in RAW264.7 and 
BMDM cells; this was evident by down-regulation of 
M1 markers induced by LPS, including Il1β, Il6, and 
Tnfα. In contrast, A-485 treatment up-regulated three 
M2 markers Arg1, Ym1, and Cd301 (Figure S11A). 
Similar results were obtained in the liver tissue 
(Figure S11B). We performed flow cytometry to 
further confirm macrophage polarization by A-485 
regulation. We marked F4/80+ CD11b+ macrophages, 
then used CD86 and CD206 antibodies to label M1 
and M2 phenotypes, respectively. The data 
demonstrated that the M1 phenotype was increased 
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after LPS stimulation of RAW264.7 and BMDM 
macrophages, and A-485 administration inhibited 
macrophage M1 polarization (Figure S11C, S11D). As 
for the M2 marker staining, there were no significant 
changes after LPS stimulation or A-485 
administration. The results indicated that the 
pharmacological inhibitor, A-485, suppressed M1 

polarization. Further, to demonstrate that inhibition 
of macrophage M1 polarization was due to on-target 
instead of off-target effects, the results of Ep300 
knockdown on macrophage polarization were 
assessed and were found to be similar to the A-485 
treatment (Figure S11E). 

 
 

 
Figure 7. A-485 inhibited activation of inflammatory pathways and inflammatory cell infiltration. (A) Western blotting was performed to validate the activation of 
NF-κB, MAPK and NLRP3 signaling pathways in RAW264.7 cells, liver tissues, and Ep300 knockdown RAW264.7 cells. (B) Immunohistochemical staining of macrophages 
(F4/80+) and neutrophils (LY-6G+) within liver tissue. 
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During liver injury, bone marrow-derived 
monocytes accumulate in injured liver and 
differentiate into inflammatory macrophages. 
Chemokines, such as CCL2, CCL3, and CCL5, recruit 
inflammatory cells, leading to a vicious cycle of 
hyper-inflammation and further deteriorating liver 
injury. Our integrative ChIP-seq and transcriptome 
analysis revealed that A-485 inhibited transcriptional 
activation of key chemokines (Ccl2, Ccl3, and Ccl5) 
due to reduced H3K27ac/H3K18ac on their promoter 
regions (Figure 4F, 5E, and 6D). 
Immunohistochemical staining of liver tissues was 
performed to assess the effect of A-485 intervention 
on inhibition of chemokine-directed macrophages and 
neutrophil infiltration. Results showed that 
macrophages (marked by F4/80) and neutrophils 
(marked by LY-6G) increased in the liver of ALI 
model compared with the control group, and was 
significantly reduced after A-485 treatment (Figure 
7B). More specific marker like CLEC4F (specific for 
Kupffer cells) and IBA-1 (both resident kupffer cells 
and infiltrated macrophage) was used to distinguish 
the resident Kupffer cells from infiltrated 
macrophages [42-44]. The results showed that IBA-1+ 
cells increased in liver of ALI model mice compared 
with the control group, and was reduced after A-485 
treatment (Figure S12). In contrast, the number of 
CLEC4F+ cells did not change significantly after 
LPS/D-Gal administration or after A-485 treatment 
(Figure S12). These data indicated that A-485 inhibited 
the infiltration of macrophages in ALI model, with 
little influence on proliferation of resident kupffer 
cells. These results indicated the pharmacological 
inhibition of the p300/CBP HAT effectively blocked 
the infiltration of inflammatory cells in ALI by 
inhibiting expression of chemokines. Collectively, 
these findings suggested that A-485 decreased the 
transcriptional activation of a broad set of 
pathological genes mainly encoding key cytokines 
and chemokine, resulting in impaired inflammatory 
signaling pathways, macrophage M1 polarization, as 
well as leukocyte infiltration. 

Discussion 
As an inflammatory disorder with limited 

treatment options, ALI affects millions of people 
worldwide. In this study, we aimed to target 
macrophage activation and inflammatory cytokine 
expression and identified potential targets as well as 
novel compounds for the treatment of ALI. A 
high-throughput screening assay was established for 
the discovery of modulators of macrophage 
activation. Based on the potential role of epigenetic 
mechanisms in modulating macrophage function and 
reprogramming, an epigenetic inhibitor library was 

screened, identifying the highly selective catalytic 
p300/CBP inhibitor A-485 as a novel small molecule 
hit compound. Its inhibitory effects on ALI as well as 
on macrophage inflammatory activation were 
validated in vitro and in vivo.  

The effects of p300/CBP inhibitors on ALI have 
not been studied previously. Herein, we report that 
A-485 alleviated liver injury and protected mice from 
LPS/GalN-induced death in vivo. The improvement in 
liver tissue structure and function as well as survival 
rate in ALI mice was strikingly significant. As shown 
by RNA-seq analysis, the inflammatory 
transcriptional program in ALI livers was 
significantly reduced and the majority of gene 
expression induced by LPS/GalN challenge was 
compromised after A-485 administration, indicating 
its potent protective effects in vivo. KEGG pathway 
analysis showed that predominantly affected 
pathways in ALI mice liver tissues were associated 
with inflammation, all of which were significantly 
inhibited after A-485 treatment. These data suggested 
A-485 was highly efficacious for inhibiting 
macrophage activation and alleviating liver injury. 
The inhibitory effects on inflammatory cytokine 
expression were also observed when Ep300 was 
knocked down in macrophages, suggesting the 
anti-inflammatory effects of A-485 were due to target 
inhibition. Based on these observations, A-485 might 
be a highly efficacious anti-inflammatory small 
molecule and serve as a potential candidate for the 
treatment of inflammation-related liver diseases.  

We also explored the mechanism underlying the 
anti-inflammatory effects of A-485 using integrative 
ChIP-Seq and transcriptome analysis in vitro and in 
vivo. RNA-seq analysis of liver tissues revealed that 
A-485 potently blocked the induction of pathological 
genes highly enriched for effectors of 
inflammation-related signaling pathways. Since 
inflammation is central to ALI pathogenesis and 
molecular mediators of inflammatory processes are 
intensely pursued therapeutic targets, p300 might 
represent a novel target for ALI intervention. 
Network analysis revealed the hub genes at the 
convergence of the top 10 most significant pathways 
inhibited by A-485, most of which were cytokines and 
chemokines crucial for ALI pathogenesis. In the 
macrophage model, RNA-seq and RT-qPCR 
validation suggested that A-485 treatment potently 
blocked a broad set of pathologic 
inflammation-related genes, including the hub genes. 
ChIP-seq analysis was carried out and compared with 
the transcriptional changes to reveal the direct 
mechanism by which A-485 alleviated inflammation 
response. A-485 treatment reduced mRNA expression 
as well as H3K27ac or H3K18ac deposition at 
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promoters of inflammation-related genes, especially 
most of the hub genes. According to our 
motif-enrichment analysis, A-485 treatment reduced 
H3K27ac/H3K18ac deposition around the binding 
region of crucial inflammatory TFs in promoter region 
of these pathological inflammatory genes suggesting 
reduced transcriptional activation of pathological 
target genes by these crucial TFs. p300/CBP has been 
reported to deposit H3K27ac/H3K18ac to ‘relax’ 
chromatin superstructure and facilitate recruitment of 
basal transcription machinery to enable transcription 
[31]. The underlying mechanisms leading to the 
decreased H3K27ac/H3K18ac deposition around the 
TF binding region remains to be defined. One 
possibility is that A-485 inhibits p300/CBP HAT 
activity and p300/CBP-catalyzed H3K27ac/H3K18ac 
at the TF-binding region. Another possibility is A-485 
might inhibit TFs interaction with p300/CBP and 
reduced p300 recruitment on TF binding site. 
Furthermore, following A-485 administration in vivo, 
pro-inflammatory cytokine-mediated activation of 
NF-κB, MAPK, and NLRP3 signaling pathways and 
chemokine-mediated recruitment of inflammatory 
cells were decreased. Our data are consistent with the 
previous studies reporting the regulation of 
macrophage inflammatory responses by p300 [45, 46]. 
Regulation of a broad set of pathological genes is a 
crucial and distinguish feature of epigenetic inhibitor, 
as exemplified by a recent study showing that BET 
inhibitors could be used to treat heart failure by 
specifically suppressing innate inflammatory and 
pro-fibrotic transcriptional networks [47]. In the 
present study, we revealed a global mechanism 
underlying the anti-inflammatory effects of targeted 
inhibition of p300 and also examined the in vivo 
effects.  

Liver protectants and anti-inflammatory 
medications are the cornerstones of current therapies 
for ALI; however, an unchecked inflammatory 
response limits their effectiveness. Novel therapeutic 
approaches aimed to target macrophages, one of the 
pathogenic drivers of inflammation, by inhibiting 
macrophage activation, polarization, and leukocyte 
recruitment. We noticed that A-485 treatment 
influenced these processes. First, as discussed above, 
A-485 repressed macrophage activation and 
LPS-induced M1 polarization. Second, A-485 
treatment inhibited the expression of Ccl2, Ccl3 and 
Ccl5, chemokines which propagate further 
inflammatory cell infiltration, leading to a vicious 
cycle of hyper-inflammation and releasing distress 
signals in the microenvironment [12]. Several 
pharmacological strategies interfering chemokine 
signaling, including antibodies against 
chemokines/receptors or the receptor antagonists, 

which prevent chemokine binding, are being tested in 
clinical trials to define their efficacy in liver diseases 
[48-52]. The multiple inhibitory effects on macrophage 
activation, chemokine signaling, and macrophage 
polarization exerted by A-485 suggested its potential 
use as a protective therapeutic strategy for ALI 
treatment by targeting macrophages.  

In summary, using a high-throughput screening 
assay, we identified A-485 as a potent inhibitor of 
macrophage activation and pro-inflammatory gene 
expression in vitro and in vivo. A-485, due to its potent 
anti-inflammatory ability, decreased the pathogenic 
inflammatory cascade thereby significantly 
improving survival rate as well as liver tissue 
structure and function in mice suffered ALI. RNA 
sequencing followed by KEGG pathway analysis 
revealed that genes affected by A-485 were also 
involved in rheumatoid arthritis and inflammatory 
bowel disease. We believe that p300/CBP inhibitor, 
A-485, can relieve inflammatory response by 
inhibiting macrophage function and might serve as a 
potential candidate for the treatment of ALI as well as 
other inflammatory diseases. Our work demonstrated 
the efficacy of an epigenome-based therapeutic 
approach that targets inflammatory state transition at 
the level of chromatin. Since the activated 
macrophages are a main pathogenic driver 
contributing to progression in many autoimmune 
diseases, such as rheumatoid arthritis, inflammatory 
bowel disease, colitis, multiple sclerosis, and 
atherosclerosis, A-485 might also have therapeutic 
potential for the treatment of these diseases.  

Abbreviations 
ALI: acute liver injury; GalN: D-galactosamine; 

LPS: lipopolysaccharide; MAPK: mitogen-activated 
protein kinase; NF-kappaB: the nuclear 
factor-kappaB; TLRs: toll-like receptors; TUNEL: 
terminal deoxynucleotidyl transferase dUTP nick-end 
labeling. 

Supplementary Material  
Supplementary figures and tables. 
http://www.thno.org/v09p8344s1.pdf  

Acknowledgments 
We are extremely grateful to the National Centre 

for Protein Science Shanghai (Shanghai Science 
Research Center, Protein Expression and Purification 
system) for their instrument support and technical 
assistance. We gratefully acknowledge financial 
support from the National Natural Science 
Foundation of China (81803554 to Y.Z., 81070344 to 
G.L., 91853205 and 81625022 and 81821005 to C.L., 
21820102008 to H.J., 81430084 to K.C.,), the Chinese 



Theranostics 2019, Vol. 9, Issue 26 
 

 
http://www.thno.org 

8360 

Academy of Science grant (XDA12020353 to C.L.), the 
Ministry of Science and Technology of China 
(2015CB910304 to Y.Z.) and the K. C. Wong Education 
Foundation to C.L., and the Science and Technology 
Commission of Shanghai Municipality (18431907100 
to H.J. and 19XD1404700 to C.L.). 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Kim SJ, Lee SM. NLRP3 inflammasome activation in D-galactosamine and 

lipopolysaccharide-induced acute liver failure: role of heme oxygenase-1. Free 
Radic Biol Med. 2013; 65: 997-1004. 

2. Thawley V. Acute Liver Injury and Failure. Vet Clin North Am Small Anim 
Pract. 2017; 47: 617-30. 

3. Possamai LA, Thursz MR, Wendon JA, Antoniades CG. Modulation of 
monocyte/macrophage function: a therapeutic strategy in the treatment of 
acute liver failure. J Hepatol. 2014; 61: 439-45. 

4. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. J 
Clin Invest. 2012; 122: 787-95. 

5. Sica A, Invernizzi P, Mantovani A. Macrophage plasticity and polarization in 
liver homeostasis and pathology. Hepatology. 2014; 59: 2034-42. 

6. Wang G, Shi Y, Jiang X, Leak RK, Hu X, Wu Y, et al. HDAC inhibition prevents 
white matter injury by modulating microglia/macrophage polarization 
through the GSK3beta/PTEN/Akt axis. Proc Natl Acad Sci U S A. 2015; 112: 
2853-8. 

7. Chen X, Barozzi I, Termanini A, Prosperini E, Recchiuti A, Dalli J, et al. 
Requirement for the histone deacetylase Hdac3 for the inflammatory gene 
expression program in macrophages. Proc Natl Acad Sci U S A. 2012; 109: 
E2865-74. 

8. Yang X, Wang X, Liu D, Yu L, Xue B, Shi H. Epigenetic regulation of 
macrophage polarization by DNA methyltransferase 3b. Mol Endocrinol. 
2014; 28: 565-74. 

9. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformatics. 
2014; 30: 923-30. 

10. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics. 
2010; 26: 139-40. 

11. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of 
multifactor RNA-Seq experiments with respect to biological variation. Nucleic 
Acids Res. 2012; 40: 4288-97. 

12. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomolecular 
interaction networks. Genome Res. 2003; 13: 2498-504. 

13. Lund E, Oldenburg AR, Collas P. Enriched domain detector: a program for 
detection of wide genomic enrichment domains robust against local 
variations. Nucleic Acids Res. 2014; 42: 92-101. 

14. Wen H, Dou Y, Hogaboam CM, Kunkel SL. Epigenetic regulation of dendritic 
cell-derived interleukin-12 facilitates immunosuppression after a severe innate 
immune response. Blood. 2008; 111: 1797-804. 

15. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple 
combinations of lineage-determining transcription factors prime 
cis-regulatory elements required for macrophage and B cell identities. Mol 
Cell. 2010; 38: 576-89. 

16. Liu T, Ortiz JA, Taing L, Meyer CA, Lee B, Zhang Y, et al. Cistrome: an 
integrative platform for transcriptional regulation studies. Genome Biol. 2011; 
12: R83-93. 

17. Gabay C, Lamacchia C, Palmer G. IL-1 pathways in inflammation and human 
diseases. Nat Rev Rheumatol. 2010; 6: 232-41. 

18. Netea MG, van de Veerdonk FL, van der Meer JW, Dinarello CA, Joosten LA. 
Inflammasome-independent regulation of IL-1-family cytokines. Annu Rev 
Immunol. 2015; 33: 49-77. 

19. Mills KH, Dunne A. Immune modulation: IL-1, master mediator or initiator of 
inflammation. Nat Med. 2009; 15: 1363-4. 

20. Torene R, Nirmala N, Obici L, Cattalini M, Tormey V, Caorsi R, et al. 
Canakinumab reverses overexpression of inflammatory response genes in 
tumour necrosis factor receptor-associated periodic syndrome. Ann Rheum 
Dis. 2017; 76: 303-9. 

21. Lohman RJ, Iyer A, Fairlie TJ, Cotterell A, Gupta P, Reid RC, et al. Differential 
Anti-inflammatory Activity of HDAC Inhibitors in Human Macrophages and 
Rat Arthritis. J Pharmacol Exp Ther. 2016; 356: 387-96. 

22. Watters SA, Mlcochova P, Gupta RK. Macrophages. Current Opinion in 
Infectious Diseases. 2013; 26: 561-6. 

23. Mukhopadhyay P, Horvath B, Rajesh M, Varga ZV, Gariani K, Ryu D, et al. 
PARP inhibition protects against alcoholic and non-alcoholic steatohepatitis. J 
Hepatol. 2017; 66: 589-600. 

24. Beyar-Katz O, Magidey K, Ben-Tsedek N, Alishekevitz D, Timaner M, Miller 
V, et al. Bortezomib-induced pro-inflammatory macrophages as a potential 
factor limiting anti-tumour efficacy. J Pathol. 2016; 239: 262-73. 

25. Jalovecka M, Hartmann D, Miyamoto Y, Eckmann L, Hajdusek O, 
O'Donoghue AJ, et al. Validation of Babesia proteasome as a drug target. Int J 
Parasitol Drugs Drug Resist. 2018; 8: 394-402. 

26. Xiang Q, Wang C, Zhang Y, Xue X, Song M, Zhang C, et al. Discovery and 
optimization of 1-(1H-indol-1-yl)ethanone derivatives as CBP/EP300 
bromodomain inhibitors for the treatment of castration-resistant prostate 
cancer. Eur J Med Chem. 2018; 147: 238-52. 

27. Lasko LM, Jakob CG, Edalji RP, Qiu W, Montgomery D, Digiammarino EL, et 
al. Discovery of a selective catalytic p300/CBP inhibitor that targets 
lineage-specific tumours. Nature. 2017; 550: 128-32. 

28. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, 
homeostasis and disease. Nature. 2013; 496: 445-55. 

29. Gehrke N, Hovelmeyer N, Waisman A, Straub BK, Weinmann-Menke J, 
Worns MA, et al. Hepatocyte-specific deletion of IL1-RI attenuates liver injury 
by blocking IL-1 driven autoinflammation. J Hepatol. 2018; 68: 986-95. 

30. Tacke F. Targeting hepatic macrophages to treat liver diseases. J Hepatol. 2017; 
66: 1300-12. 

31. Dror N, Alter-Koltunoff M, Azriel A, Amariglio N, Jacob-Hirsch J, Zeligson S, 
et al. Identification of IRF-8 and IRF-1 target genes in activated macrophages. 
Mol Immunol. 2007; 44: 338-46. 

32. Oettgen P. Regulation of vascular inflammation and remodeling by ETS 
factors. Circ Res. 2006; 99: 1159-66. 

33. Paun A, Pitha PM. The IRF family, revisited. Biochimie. 2007; 89: 744-53. 
34. El Kasmi KC, Vue PM, Anderson AL, Devereaux MW, Ghosh S, 

Balasubramaniyan N, et al. Macrophage-derived IL-1beta/NF-kappaB 
signaling mediates parenteral nutrition-associated cholestasis. Nat Commun. 
2018; 9: 1393-407. 

35. McGeough MD, Wree A, Inzaugarat ME, Haimovich A, Johnson CD, Pena CA, 
et al. TNF regulates transcription of NLRP3 inflammasome components and 
inflammatory molecules in cryopyrinopathies. J Clin Invest. 2017; 127: 4488-97. 

36. Faustman D, Davis M. TNF receptor 2 pathway: drug target for autoimmune 
diseases. Nat Rev Drug Discov. 2010; 9: 482-93. 

37. Lai WY, Wang JW, Huang BT, Lin EP, Yang PC. A Novel TNF-alpha-Targeting 
Aptamer for TNF-alpha-Mediated Acute Lung Injury and Acute Liver Failure. 
Theranostics. 2019; 9: 1741-51. 

38. Guo S, Yang C, Diao B, Huang X, Jin M, Chen L, et al. The NLRP3 
Inflammasome and IL-1beta Accelerate Immunologically Mediated Pathology 
in Experimental Viral Fulminant Hepatitis. PLoS Pathog. 2015; 11: 1005155. 

39. Pourcet B, Zecchin M, Ferri L, Beauchamp J, Sitaula S, Billon C, et al. Nuclear 
Receptor Subfamily 1 Group D Member 1 Regulates Circadian Activity of 
NLRP3 Inflammasome to Reduce the Severity of Fulminant Hepatitis in Mice. 
Gastroenterology. 2018; 154: 1449-64. 

40. Yan S, Fu Q, Zhou Y, Zhang N, Zhou Q, Wang X, et al. Establishment of stable 
reporter expression for in vivo imaging of nuclear factor-kappaB activation in 
mouse liver. Theranostics. 2013; 3: 841-50. 

41. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili 
SA, Mardani F, et al. Macrophage plasticity, polarization, and function in 
health and disease. J Cell Physiol. 2018; 233: 6425-40. 

42. Ahn M, Kim J, Bang H, Moon J, Kim GO, Shin T. Hepatoprotective effects of 
allyl isothiocyanate against carbon tetrachloride-induced hepatotoxicity in rat. 
Chem Biol Interact. 2016; 254: 102-8. 

43. Lavin Y, Winter D, Blecher-Gonen R, David E, Keren-Shaul H, Merad M, et al. 
Tissue-resident macrophage enhancer landscapes are shaped by the local 
microenvironment. Cell. 2014; 159: 1312-26. 

44. Dong W, Lu A, Zhao J, Yin S, Ou B, Feng H. An efficient and simple co-culture 
method for isolating primary human hepatic cells: Potential application for 
tumor microenvironment research. Oncol Rep. 2016; 36: 2126-34. 

45. Wu-Guo Deng S-TT, Hui-Ping Tseng, and Kenneth K. Wu. Melatonin 
suppresses macrophage cyclooxygenase-2 and inducible nitric oxide synthase 
expression by inhibiting p52 acetylation and binding. Blood. 2006; 108:518-24. 

46. Escobar J, Pereda J, Lopez-Rodas G, Sastre J. Redox signaling and histone 
acetylation in acute pancreatitis. Free Radic Biol Med. 2012; 52: 819-37. 

47. Duan Q, McMahon S, Anand P, Shah H, Thomas S, Salunga HT, et al. BET 
bromodomain inhibition suppresses innate inflammatory and profibrotic 
transcriptional networks in heart failure. Sci Transl Med. 2017; 9: 390-10. 

48. Sun P, Lu YX, Cheng D, Zhang K, Zheng J, Liu Y, et al. Monocyte 
chemoattractant protein-induced protein 1 targets hypoxia-inducible factor 
1alpha to protect against hepatic ischemia/reperfusion injury. Hepatology. 
2018; 68: 2362-79. 

49. Sherman KE, Abdel-Hameed E, Rouster SD, Shata MTM, Blackard JT, Safaie P, 
et al. Improvement in Hepatic Fibrosis Biomarkers Associated With 
Chemokine Receptor Inactivation Through Mutation or Therapeutic Blockade. 
Clin Infect Dis. 2019; 68: 1911-8. 

50. Chen W, Zhang X, Fan J, Zai W, Luan J, Li Y, et al. Tethering Interleukin-22 to 
Apolipoprotein A-I Ameliorates Mice from Acetaminophen-induced Liver 
Injury. Theranostics. 2017; 7: 4135-48. 

51. Mo R, Lai R, Lu J, Zhuang Y, Zhou T, Jiang S, et al. Enhanced autophagy 
contributes to protective effects of IL-22 against acetaminophen-induced liver 
injury. Theranostics. 2018; 8: 4170-80. 



Theranostics 2019, Vol. 9, Issue 26 
 

 
http://www.thno.org 

8361 

52. Tang TT, Li YY, Li JJ, Wang K, Han Y, Dong WY, et al. Liver-heart crosstalk 
controls IL-22 activity in cardiac protection after myocardial infarction. 
Theranostics. 2018; 8: 4552-62. 


