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Background: Sepsis remains a leading cause of mortality in intensive care units, with endotoxemia-induced hepatic inflammation 
being a major contributor to multiorgan failure. Bromodomain and extraterminal domain (BET) proteins are key epigenetic regulators 
of inflammation. While the BET inhibitor JQ1 shows protective effects in sepsis models, its toxicity limits translational application. 
NHWD-870, a next-generation BET inhibitor with improved potency and safety, has not been evaluated in septic liver injury.
Methods: Eight-week-old male C57BL/6 mice were challenged with lipopolysaccharide (LPS) to induce endotoxemia and treated 
with NHWD-870 1 hour before LPS challenge. Survival rate was assessed and 0.5mg/kg was selected as the optimal dose. Liver injury 
and inflammation were assessed by histopathology, serum biochemistry, ELISA, RT-qPCR, and immunohistochemistry. In vitro, 
primary mouse hepatocytes (PMHs) and bone marrow-derived macrophages (BMDMs) were stimulated with LPS to examine NHWD- 
870 effects on cytokine production and macrophage polarization.
Results: NHWD-870 improved survival in lethal LPS challenge and attenuated LPS induced ALT/AST elevations and hepatic 
inflammatory infiltration. Serum and hepatic IL6, TNFα, and MCP1 were reduced after NHWD-870; IL6 suppression at 12 h exceeded 
JQ1. NHWD-870 decreased hepatic macrophage and neutrophil infiltration and no obvious histopathological abnormalities were 
observed in the major organs at the active dose. In vitro, NHWD-870 dose dependently reduced LPS induced cytokine expression in 
PMH and BMDM and inhibited macrophage M1 polarization (CD86, iNOS). BRD4 and STAT1 expression increased after LPS; 
NHWD 870 suppressed both.
Conclusion: NHWD-870 ameliorates endotoxemia-associated hepatic inflammation and improves survival in mice, at least in part via 
suppression of BRD4-STAT1 signaling and inhibition of macrophage M1 polarization. Further preclinical development is warranted.
Keywords: sepsis, hepatic inflammation, NHWD-870, bromodomain protein 4, M1 polarization

Introduction
Sepsis is a life-threatening condition characterized by infection-induced dysregulated host responses and multiple organ 
dysfunction.1,2 Recent global estimates indicated that sepsis remained a major public health burden worldwide. In 2021, 
approximately 166 million sepsis cases and 21.4 million sepsis-related deaths were reported globally, accounting for 
31.5% of total deaths,3,4 with mortality rising again during 2020–2021 after a previous decline from 1990 to 2019.5 

These epidemiological data underscore that, despite advances in antimicrobial therapy and critical care management, 
sepsis remains a highly lethal syndrome and highlights the urgent need for novel therapeutic strategies.
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Among the affected organs, the liver is both a target and an amplifier of systemic inflammation during sepsis. Sepsis- 
associated liver injury (SALI) is commonly manifested by elevated transaminases levels and inflammatory cell infiltra
tion in hepatic tissue. Liver dysfunction during sepsis correlates strongly with adverse prognosis, with mortality rates 
exceeding 60% in severe cases.6,7 The liver plays a pivotal role in sepsis and endotoxemia because of its continuous 
exposure to circulating pathogens and microbial products through the portal and systemic circulation.8–11 Under 
physiological conditions, hepatocytes and resident Kupffer cells (KCs) coordinate immune tolerance and pathogen 
clearance.12 However, during sepsis, this homeostatic balance was disrupted, leading to excessive production of 
inflammatory cytokines and chemokines, recruitment of immune cells, and progressive hepatic injury.13

Mechanistically, both hepatocytes and macrophages actively contribute to hepatic inflammation through reciprocal 
activation.14,15 Lipopolysaccharide (LPS)-stimulated hepatocytes release chemokines such as MCP-1 that recruit macro
phages, whereas activated macrophages secrete proinflammatory mediators that further aggravate hepatocyte injury.16 

This hepatocyte-macrophage crosstalk forms a self-amplifying inflammatory loop that sustained tissue damage. 
Macrophages exhibit remarkable plasticity, polarizing into M1-like (proinflammatory) or M2-like (anti-inflammatory) 
states.17 M1 macrophages secrete IL-6, TNFα, and reactive oxygen species, promoting pathogen clearance but also 
collateral tissue damage when excessively activated.18–20 Accumulating evidence suggests that disruption of the M1/M2 
balance is a critical determinant of sepsis severity and organ dysfunction. Importantly, signal transducer and activator of 
transcription 1 (STAT1) is a key transcription factor involved in inflammatory gene transcription and macrophage M1 
polarization, and dysregulated STAT1 activation has been implicated in exaggerated inflammatory responses during 
sepsis.21,22

Epigenetic regulation, particularly histone acetylation, is a key mechanism for transcriptional reprogramming of many 
immune-related genes during sepsis.23,24 Bromodomain and extra-terminal domain (BET) proteins—BRD2, BRD3, 
BRD4, and BRDT—function as epigenetic readers of acetylated lysine residues and facilitate transcriptional activation 
of proinflammatory genes. Among them, BRD4 is the most extensively studied and has been shown to promote 
transcription of NF-κB-dependent inflammatory genes while regulating macrophage activation and inflammatory signal
ing pathways, including STAT1-associated transcriptional programs.25,26 Preclinical studies showed that BET inhibitors 
such as JQ1 and I-BET exert protective anti-inflammatory effects in models of sepsis, colitis, and cardiac injury.27–31 

However, the clinical translation of first-generation BET inhibitors remains limited due to their short half-life, modest 
potency, and dose-limiting systemic toxicity.32

NHWD-870 is a newly developed, high-affinity BET inhibitor demonstrating ~50-fold higher potency and improved 
safety compared with JQ1.33 In recent years, NHWD-870 has shown strong efficacy in preclinical studies of small cell 
lung cancer,34 melanoma,35,36 osteosarcoma,37 and psoriasis,38 and is undergoing clinical trials in primary pulmonary 
NUT carcinoma.39,40 There exists no relevant investigation conducted in its protective role in endotoxemia-induced 
hepatic inflammation. Therefore, in this study, we hypothesized that NHWD-870 may attenuate LPS-induced hepatic 
inflammation in a preclinical model and further investigated the underlying mechanism.

Materials and Methods
Animals and Treatment
All animal studies were approved by the Institutional Animal Care and Use Committee of Xiangya Hospital, Central 
South University (No. CSU-2023-0034) and were conducted in accordance with the ARRIVE guidelines and the 
institutional guidelines for the care and use of laboratory animals. Eight-week-old male C57BL/6 mice were purchased 
from Hunan SJA Laboratory Animal Co., Ltd. The approval number SYXK 2023–0006 and the animal license number 
SCXK 2021–0002. All mice were maintained under SPF conditions and housed with a 12 h light/dark cycle, at 22 ± 2°C 
and 50 ± 10% humidity in standard ventilated cages. Adaptive feeding for one week was conducted before the start of the 
formal experimental randomization.

For the survival experiment, mice were challenged with a lethal dose of LPS (15 mg/kg, i.p., Escherichia coli (O111: 
B4), Sigma-Aldrich, Germany) and given 0.125mg/kg (n=6), 0.25mg/kg (n=6), 0.5mg/kg (n=6), 1mg/kg (n=6) NHWD- 
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870 (i.p.) or an equal amount of vehicle (n=5), respectively, and monitored for survival over 120 h. Mice were monitored 
every 12 hours for survival and humane endpoints throughout the observation period.

For the prophylactic pre-treatment experiment, mice were challenged with a lower dose of LPS (7.5 mg/kg, i.p.) and 
with 0.5mg/kg NHWD-870 or an equal volume of vehicle, and euthanized at 12 h or 24 h for tissue collection (n=5 per 
group). All NHWD-870 was administered 1 hour before LPS challenge, similar to the method commonly used for other 
BETi in previous studies, establishing a prophylactic pre-treatment model rather than a post-onset therapeutic 
model.31,41,42 All in vivo experiments were conducted in three independent replicates (biological replicates performed 
on separate occasions), with data pooled for analysis.

LPS was dissolved in saline, and NHWD-870 was dissolved in 2%DMSO solvent system (vehicle). Mice were 
anesthetized by 1% sodium pentobarbital solution, which was carried out in accordance with American Veterinary 
Medical Association. Blood samples were obtained by retro-orbital bleeding under anesthesia and serum was collected 
and immediately stored at −80°C until analysis. A portion of the liver was fixed in 4% paraformaldehyde (PFA) for 
histopathology, and the remaining liver tissue was rapidly frozen in liquid nitrogen for further use.

Animal monitoring and humane endpoints: All experimental animals were monitored every 6 hours after LPS 
injection for signs of severe distress requiring euthanasia (severe lethargy, inability to stand, respiratory distress, or 
weight loss >20%). Animals meeting these humane endpoint criteria were immediately euthanized (pentobarbital 
overdose or cervical dislocation). Survival was recorded as the primary endpoint at 120 hours. Expected or unexpected 
adverse events were reported in the results.

Isolation and Culture of Mouse Primary Hepatocytes (PMHs) and Bone 
Marrow-Derived Macrophages (BMDMs)
PMHs and BMDMs were isolated using collagenase perfusion and standard differentiation protocols. Briefly, liver tissue 
of the anesthetized mice was perfused and digested with perfusion buffer and enzyme buffer respectively. The digested 
liver tissue was filtered and live hepatocytes were separated with Percoll (Solarbio, China). Then, carefully separated the 
lower limbs, and flushed out the bone marrow using DMEM (Gibco, USA). After precipitation and red blood cells lysis, 
mouse BMDMs were obtained and cultured in DMEM complete medium containing 20 ng/mL M-CSF (Sino Biological, 
China). Cells were stimulated with LPS (100 ng/mL) with or without NHWD-870 (1.25~10 nM).

Histological and Immunofluorescence Assays
4% PFA-fixed liver tissues were embedded in paraffin and sectioned (5 µm). Hematoxylin–eosin (H&E, Servicebio, 
China), immunohistochemistry (IHC), and immunofluorescence (IF) were performed using antibodies against F4/80 
(Proteintech, China), MPO (Aifang Bio, China), and CD86 (Bioss, China). IHC and IF staining were performed as 
previously described.43 Briefly, antigen retrieval was achieved by heating Tris-EDTA buffer in a microwave oven for 
6 min 3 times. After incubation with primary antibodies at 4°C overnight, tissue sections were incubated with appropriate 
secondary antibodies at 37°C for 1 h. IF samples were then incubated with DAPI (Servicebio, China) for nuclear staining, 
while IHC samples were incubated with hematoxylin for nuclear staining. For each liver specimen (n = 5 per group), 10 
random fields were analyzed per section, and the positive area was quantified using ImageJ by a blinded investigator.

RNA Extraction and RT-qPCR
Total RNA and proteins were extracted from tissues or cultured cells. RNA was extracted using the Trizol (Takara, Japan) 
and dissolved in DEPC water (Biosharp, China). Reverse transcription kit was from Yeasen, China. The enzyme used for 
RT-qPCR was from TOROIVD, China. Relative mRNA expression of cytokines (IL-6, TNF-α, MCP-1), macrophage 
markers (CD86, iNOS), and signaling molecules (BRD4, STAT1) were quantified by the 2−ΔΔCt method, normalized to 
18S rRNA. The primer sequences are shown in Supplementary Table 1.
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Western Blot Analysis
Mouse liver tissue was treated with RIPA (Ecotop, China) and protease inhibitors and phosphatase inhibitors (NCM 
Biotech, China) to obtain total liver protein. Protein concentration was measured using a BCA protein assay kit (Thermo 
Scientific, German). Proteins were separated by 8% SDS-PAGE according to concentration and transferred to a 0.45 μm 
PVDF membrane (MILLIPORE, USA). The membrane was blocked with 5% skim milk for 1 h, and primary antibodies 
were added and incubated overnight at 4°C. After washing with TBST, the membrane was incubated with HRP- 
conjugated secondary antibodies for 1 h. Enhanced chemiluminescence system (ECL) was used for detection. Protein 
levels were normalized to β-actin and quantified using Image J 1.51 (Bethesda, USA) (n = 5 per group). Western blot 
imaging was performed using the Bio-Rad ChemiDOCTM XRS+ system, with images captured using the Image Lab 
6.0.1 software in the Chemi Hi Sensitivity mode and automatic exposure settings. No further adjustments were made to 
the contrast of the images. Antibodies used in WB were mouse ACTB antibody (SantaCruz, USA), mouse BRD4 
antibody (Abcam, USA), mouse STAT1 antibody (ZEN-BIOSCIENCE, China).

Enzyme-Linked Immunosorbent Assay (ELISA)
Mouse IL6 Precoated ELISA Kit (Cat:1210602), and Mouse TNF-α Precoated ELISA Kit (Cat:1217202) were purchased 
from Dakewe, China, and MCP1 ELISA kits were purchased from RenjieBio, China and operated according to the 
instructions.

Biochemistry
Mouse serum liver function was analyzed by the Laboratory Department of Xiangya Hospital, Central South University 
using Beckman Coulter AU5800 automatic biochemical analyzer.

Statistical Analysis
Statistical analysis and drawing were performed using Graphpad prism 9.0. The data were tested for normality using 
a QQ graph. Data were presented as mean ± SD. Two-group comparisons used Student’s t-test; multiple groups were 
analyzed by one-way ANOVA with Tukey’s post hoc test. Survival rate was analyzed by Kaplan–Meier, and Log rank 
tests were used to compare differences. p < 0.05 was considered statistically significant.

Results
Endotoxemia Liver Inflammation Model Was Successfully Established
We constructed an LPS-induced endotoxemia model at different time points (Figure 1A). The modeling group was given 
an intraperitoneal injection of 7.5 mg/kg LPS while the control group was injected with an equal volume of saline. Mice 
were euthanized at 12 h and 24 h after LPS challenge. Hepatic injury was more pronounced at 12 h, with evident 
hepatocyte swelling, disorganized lobular architecture, and inflammatory infiltration (Figure 1B). At the same time, 
serum liver function results showed that after LPS administration, the levels of serum alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) were significantly increased (Figure 1C and D). ELISA (Figure 1E–G) and RT- 
qPCR (Figure 1H–J) results showed that the expression levels of cytokine IL6, TNFα, and chemokine MCP1 in the 
serum and liver tissue were significantly increased in LPS group. The above results confirmed successful sepsis liver 
injury model establishment.

NHWD-870 Improved Survival and Alleviated Liver Injury in Mice with Endotoxemia
In lethal LPS challenge, NHWD-870 increased survival, and 0.5mg/kg conferred the optimal balance of efficacy and 
tolerability and was used for mechanistic studies (Figure 2A and B). Further, we selected JQ1, a classic BET inhibitor, as 
a positive control and challenged mice with LPS injection (Figure 2C). NHWD-870 (0.5 mg/kg) significantly reduced 
serum ALT at 12 and 24h and AST at 24h compared with vehicle; JQ1 showed smaller effects at the doses tested 
(Figure 2D and E). HE staining showed that the immune cells infiltration of liver tissue and the swelling of hepatocytes 
were significantly reduced after treatment with both NHWD-870 and JQ1 (Figure 2F). NHWD-870 reduced serum IL6, 
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Figure 1 Endotoxemia liver inflammation model was successfully established. (A) Schematic diagram of LPS modeling (7.5mg/kg). (B) HE staining of liver tissue 
(magnification 100×). (C and D) Levels of serum ALT(C) and AST(D). (E–G) ELISA was used to detect the levels of serum IL6 (E), TNFα (F), and MCP1 (G). (H–J) RT- 
qPCR was used to detect the mRNA expression of IL6 (H), TNFα(I), and MCP1 (J) in the liver tissues of mice. Mice were divided into 3 groups: Saline (n=5), LPS 12h (n=5), 
LPS 24h (n=5). The data are presented as mean ± SD. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 2 NWD-870 improved the survival rate and liver inflammation of mice with endotoxemia. (A) Schematic diagram of the lethal model of endotoxemia. (B) Survival 
analysis of mice treated with NHWD-870. Mice were divided into five groups as following: LPS (15mg/kg) +vehicle (n=5), LPS+0.125mg/kg NHWD-870 (n=6), LPS+0.25mg/ 
kg NHWD-870 (n=6), LPS+0.5mg/kg NHWD-870 (n=6), LPS+1.0mg/kg NHWD-870 (n=5). (C) Schematic diagram of NHWD-870 treatment of endotoxemia liver 
inflammation model. (D and E) Serum levels of ALT and AST. (F) HE staining of liver tissue (Magnification 100×). (G-I) ELISA detection of IL6 (G), TNFα (H), and MCP1(I) 
expression levels in mouse serum. (J-L) RT-qPCR detection of IL6 (J), TNFα (K), and MCP1 (L) mRNA expression levels in mouse liver tissue after NHWD-870 
intervention. Each time point of endotoxemia model were divided into 3 groups: vehicle (n=5), NHWD-870 (n=5), JQ1 (n=5). (A and B) showed survival study using 15 mg/ 
kg LPS (lethal dose); (C–L) showed mechanistic study using 7.5 mg/kg LPS (sublethal dose) to enable tissue collection at 12h and 24h. Different doses were selected based 
on distinct experimental objectives as detailed in Methods. Data are presented as mean ± SD. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
Abbreviations, ALT, alanine aminotransferase; AST, aspartate aminotransferase; HE, hematoxylin-eosin staining; ELISA, enzyme-linked immunosorbent assay; RT-qPCR, 
real-time quantitative reverse transcription PCR.
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TNFα and MCP1 at 12h and 24h (Figure 2G–I); the magnitude of IL6 suppression at 12h exceeded that of JQ1. Hepatic 
mRNA levels mirrored serum cytokine reductions (Figure 2J–L).

NHWD-870 Reduced Inflammatory Cell Infiltration Without Causing Organ Toxicity
Macrophages and neutrophils are the earliest and most important immune cells that respond to bacterial endotoxin- 
induced liver inflammation, and their infiltration degree is related to inflammatory damage. Quantitative analysis of IHC- 
positive area confirmed that NHWD-870 significantly reduced hepatic infiltration of macrophages (F4/80+) and neu
trophils (MPO+) compared with vehicle (Figure 3A-D). Histological examination of heart, kidney, spleen, and lung 
revealed no pathological damage, indicating favorable safety (Figure 3E). ALT and AST showed no significant difference 
compared with vehicle group also indirectly confirmed this point (Figure 3F and G). Serum IL6 and TNFα were 
unchanged after NHWD-870 alone, while MCP1 decreased slightly, suggesting selective immunomodulation rather 
than systemic suppression (Figure 3H–J).

NHWD-870 Suppressed Inflammatory Response in Hepatocytes and Macrophages
In vitro, LPS stimulation was constructed to test NHWD-870 directly or indirectly ameliorating hepatocytes and 
macrophages inflammation. In both hepatocytes (Figure 4A–C) and macrophages (Figure 4D–F), IL6, TNFα and 
MCP1 dramatically increased after LPS challenge and NHWD-870 ameliorated this response in a dose-dependent 
manner (Figure 4A–F). When hepatocytes were incubated with supernatants from LPS-activated macrophages, cytokine 
expression further increased, but this effect was reversed by NHWD-870, confirming its dual inhibition of macrophage 
and hepatocyte inflammatory signaling (Figure 4G–I).

NHWD-870 Inhibited Macrophage M1 Polarization
LPS has been widely recognized to promote the polarization of M1-like macrophages, and triggered robust expression of 
CD86 and inducible nitric oxide synthase (iNOS). To determine whether BET inhibition affects macrophage polarization, 
we examined M1-like macrophage markers CD86 and iNOS. Both markers were markedly increased after LPS 
stimulation and were significantly suppressed by NHWD-870 at the mRNA level in macrophages and liver tissue 
(Figure 5A–D). Immunofluorescence staining confirmed reduced hepatic CD86 expression, indicating that NHWD-870 
prevented excessive M1 macrophage activation during endotoxemia (Figure 5E and F).

NHWD-870 Downregulated BRD4-STAT1 Signaling in Endotoxemia
In BET family, the most widely studied member is BRD4. Given that BRD4 could promotes the development of various 
diseases, including sepsis or endotoxemia, by regulating gene transcription. Previous studies by our group found that 
BRD4 expressed in human hepatocytes and macrophages43 and we confirmed this finding in mouse liver tissue 
(Figure 6A and B). Given that M1-like macrophage polarization is closely related to STAT1, we explored whether 
NHWD-870 mediated this pathway. The results showed that LPS stimulation upregulated BRD4 and STAT1 expression 
in parallel (Figure 6C–G), and their levels were positively correlated at both mRNA and protein levels (Figure 6H and I). 
Meanwhile, NHWD-870 treatment markedly suppressed STAT1 expression, suggesting inhibition of this axis underlies 
its anti-inflammatory effects (Figure 6J–L).

These findings suggest that NHWD-870 suppresses endotoxemia-induced hepatic inflammation by inhibiting the 
BRD4-STAT1 axis and macrophage M1 polarization, as summarized in Figure 7.

Discussion
In the present study, we demonstrated that NHWD-870 significantly attenuated endotoxemia-induced hepatic inflamma
tion, improved survival, and alleviated liver injury in LPS-challenged mice. Mechanistically, NHWD-870 suppressed 
macrophage M1 polarization and reduced activation of the BRD4-STAT1 signaling axis, suggesting that BET inhibition 
may represent a promising preclinical strategy for sepsis-related liver injury.

Although substantial advances have been made in antimicrobial therapy and critical care management, sepsis remains 
a major cause of morbidity and mortality worldwide.3,5 Current treatment strategies primarily rely on infection control, 
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Figure 3 Effects of NHWD-870 on inflammatory cell infiltration in endotoxemia mice and its effects on various organs. (A) IHC detection of F4/80 expression in liver 
tissues. (scale bar 100μm) (B) Statistics of the positive area of F4/80 IHC staining. (C) IHC detection of MPO expression in liver tissues. (scale bar 100μm) (D) Statistics of 
the positive area of MPO IHC staining. IHC positive areas are brown-yellow. Each time point of endotoxemia model were divided into 3 groups: vehicle (n=5), NHWD-870 
(n=5), JQ1 (n=5). (E) HE staining of NHWD-870 treatment on the heart, liver, spleen, kidney, and liver morphology of mice. (Magnification 100×) (F-G): ALT (F) and AST 
(G) levels after NHWD-870 intervention. (H-J) ELISA detection of IL6 (H), TNFα (I), and MCP1 (J) levels in mouse serum. Vehicle group (n=5); NHWD-870 group (n=5). 
Data are presented as mean ± standard deviation. (*p<0.05, ***p<0.001, ****p<0.0001). 
Abbreviations: IHC, Immunohistochemical; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HE, hematoxylin-eosin staining; ELISA, enzyme-linked 
immunosorbent assay.
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Figure 4 NHWD-870 reduced the inflammatory response of PMHs and BMDMs. (A–C) Expression levels of inflammatory factors and chemokines after NHWD-870 
intervention in PMHs. (D–F) Expression levels of inflammatory factors and chemokines after NHWD-870 intervention in BMDMs. (Figure A-F legends: The first line 
indicates whether LPS was given, and the second line indicates whether NHWD-870 was given and its concentration, which are 1.25nM, 2.5nM, 5nM, 10nM, respectively) 
(G–I) Expression levels of inflammatory factors and chemokines after BMDMs supernatant was used to intervene in PMHs. The first line indicates whether BMDMs 
supernatant was given for intervention, and the second line indicates the components in macrophage supernatant. All results were obtained by RT-qPCR, and n=3 per group. 
Data are presented as mean ± standard deviation. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
Abbreviations: RT-qPCR, real-time quantitative PCR; PMHs, primary mouse hepatocytes; BMDMs, bone marrow-derived macrophages; sup., supernatant.
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hemodynamic support, and organ function preservation, whereas targeted therapies directed against dysregulated host 
inflammatory responses remain under active investigation.44,45 Therefore, identifying novel molecular targets involved in 
sepsis-associated immune dysregulation is of considerable translational interest.

Figure 5 NHWD-870 inhibited macrophage M1 polarization. (A and B) RT-qPCR detection of BMDMs CD86 (A) and iNOS (B) mRNA expression levels (n=3 in each 
group). (C and D) RT-qPCR detection of CD86 (C) and iNOS (D) mRNA expression levels in mouse liver tissue after NHWD-870 intervention (n=5 in each group). (E and 
F) CD86 immunofluorescence staining of liver tissue in each group (marked in red), and nucleus were marked with DAPI (blue). Data are presented as mean ± standard 
deviation. (*p<0.05, ****p<0.0001). 
Abbreviation: iNOS, inducible nitric oxide synthase.
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Figure 6 STAT1 expression was highly correlated with BRD4 and significantly inhibited by NHWD-870. (A) Immunofluorescence colocalization of hepatocyte markers 
(HNF4α, green label) and BRD4 (red label) in both saline and LPS group, and the cell nuclei were labeled with DAPI (blue). (B) Immunofluorescence colocalization of 
macrophage markers (F4/80, green label) and BRD4 (red label) in the saline group and LPS group, and the cell nuclei were labeled with DAPI (blue). Immunofluorescence 
images were magnified at 200×, n=3 in each group. (C) RT-qPCR was used to detect the expression of BRD4 mRNA in mouse liver tissue (n=5 in each group). (D) RT-qPCR 
was used to detect the expression of STAT1 mRNA in mouse liver tissue (n=5 in each group). (E–G) Western Blotting was used to detect the expression of BRD4 and 
STAT1 protein (E) and the statistical chart (F and G) (n=5 in each group). (H and I) Correlation analysis of STAT1 and BRD4 expression at mRNA (H) and protein (I) levels 
(n=15). (J–L) RT-qPCR (J) and Western Blotting (K and L) were used to detect the expression levels of STAT1 mRNA and protein in liver tissue after NHWD-870 
intervention (n=5 in each group). Data are presented as mean ± standard deviation. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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BET proteins have emerged as critical epigenetic regulators of inflammatory gene transcription, and increasing 
evidence suggests that pharmacological inhibition of BET signaling exerts protective effects in multiple inflammatory 
disease models.46–49 Previous studies have shown that classical BET inhibitors such as JQ1 and I-BET attenuate 
inflammatory injury in models of sepsis, acute liver injury,42 cardiac dysfunction,27 and colitis.41 JQ1 has been 
demonstrated to attenuate NLRP3 inflammasome priming and activation, thereby reducing caspase-1 maturation and 
subsequent interleukin-1β (IL-1β) and IL-18 release in LPS-challenged macrophages.50–52 Furthermore, BRD4 inhibition 
suppresses gasdermin D (GSDMD) expression, the key executioner of pyroptotic cell death, providing cytoprotection in 
inflammatory tissue injury, supporting the concept that BET inhibition may mitigate inflammation induced by bacterial 
pathogens and their products.50,53 However, the clinical translation of first-generation BET inhibitors has been hindered 
by limitations including short half-life, modest potency, and dose-limiting toxicity. NHWD-870, a newly developed BET 
inhibitor, has demonstrated superior potency and improved pharmacologic properties compared with conventional BET 
inhibitors.33–36,54 Our findings further expand its anti-inflammatory potential by showing that NHWD-870 effectively 
protects against endotoxemia-induced hepatic injury.

The liver serves as both an immune sensor and effector organ during sepsis, continuously exposed to circulating 
pathogens and endotoxins.55,56 Upon LPS stimulation, hepatocytes and macrophages release inflammatory cytokines and 
chemokines that recruit additional immune cells and amplify hepatic inflammation. In agreement with this concept, our 
data showed that NHWD-870 reduced hepatic inflammatory cell infiltration, improved histopathological injury, and 
decreased serum liver injury markers, suggesting broad protective effects on both hepatic parenchymal cells and immune- 
mediated inflammatory responses.

Mechanistically, BRD4 is one of the most extensively studied BET family members and has been implicated in 
regulating inflammatory transcriptional programs.57 Recent studies have suggested that BRD4 contributes to macrophage 
polarization partly through modulation of STAT1-dependent transcriptional activity.58 STAT1 is a critical transcription 
factor involved in inflammatory signaling and macrophage M1 polarization, and excessive STAT1 activation has been 

Figure 7 Schematic illustration of the protective effects of NHWD-870 in endotoxemia-induced hepatic inflammation. LPS challenge activates hepatocytes and macro
phages, leading to hepatocyte-macrophage crosstalk, upregulation of BRD4 and STAT1, increased production of proinflammatory mediators (MCP-1, IL-6, and TNF-α), and 
promotion of macrophage M1 polarization. NHWD-870, a BET inhibitor, suppresses the BRD4-STAT1 signaling axis, attenuates macrophage M1 polarization, reduces 
inflammatory mediator production, and ultimately ameliorates endotoxemia-induced liver injury and improves survival. The lower panels show the survival outcomes in the 
vehicle group and the NHWD-870-treated group.
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associated with exaggerated inflammatory injury in sepsis-related models.59,60 In the present study, we observed a strong 
positive correlation between BRD4 and STAT1 expression following LPS challenge, both of which were significantly 
suppressed by NHWD-870 treatment. These findings suggest that NHWD-870 may inhibit proinflammatory gene 
transcription by suppressing BRD4-STAT1 signaling, thereby attenuating macrophage M1 polarization and downstream 
cytokine release. However, the observed correlation between BRD4 and STAT1 expression, while supportive of 
a functional axis, does not establish causation. BRD4 may regulate STAT1 transcriptionally, or both may be co- 
regulated by upstream signals. Alternatively, reduced STAT1 may reflect diminished cytokine signaling secondary to 
BET inhibition rather than direct BRD4-mediated transcriptional control.

Interestingly, NHWD-870 markedly suppressed the early surge of IL-6 and TNF-α following LPS exposure (12h), 
whereas its effects on circulating cytokine levels became less pronounced at later measured time points (24h). This 
observation may reflect the transient nature of cytokine release in acute endotoxemia models. Nevertheless, histological 
analyses demonstrated sustained reductions in hepatic inflammatory infiltration and hepatocellular injury, suggesting that 
NHWD-870 exerts both early immunomodulatory and persistent tissue-protective effects.

While the current study demonstrates that a single dose of NHWD-870 provides significant survival benefit, the 
observed waning of anti-inflammatory effects at 24h suggests that multiple-dose regimens or sustained-release formula
tions may be necessary for prolonged protection. Future studies will systematically evaluate the pharmacokinetic- 
pharmacodynamic relationship and optimize dosing intervals to maintain therapeutic efficacy.

Compared with JQ1, NHWD-870 achieved comparable or superior anti-inflammatory efficacy at substantially lower 
doses (0.5mg/kg versus 50mg/kg) in our experimental setting, highlighting its potential pharmacologic advantage. In 
addition, no obvious histopathological abnormalities or major biochemical toxicity were observed in principal organs at 
the active dose, supporting the preliminary safety of NHWD-870 under the conditions tested.

Several limitations of this study should be acknowledged. First, NHWD-870 was administered prophylactically 
before LPS challenge; therefore, whether similar protective effects can be achieved with therapeutic post-treatment 
remains to be determined. The prophylactic administration used in this study was designed to establish proof-of- 
concept for NHWD-870’s protective efficacy and elucidate underlying mechanisms. While therapeutic post- 
treatment models would better simulate clinical scenarios, they require prior knowledge of effective dosing 
windows. Our findings provide the necessary foundation for future studies evaluating NHWD-870 in therapeutic 
settings. Second, although our findings suggest that BRD4 inhibition is a major mechanism underlying the observed 
protective effects, the potential contribution of other BET family members cannot be excluded. Third, while the 
observed correlation between BRD4 and STAT1 supports involvement of this signaling axis, direct mechanistic 
validation through genetic knockdown, chromatin immunoprecipitation, or rescue experiments is required to estab
lish causality.

Collectively, our findings provide preclinical evidence that NHWD-870 attenuates endotoxemia-induced hepatic 
inflammation by suppressing macrophage activation and inhibiting BRD4-STAT1 signaling. These results support further 
investigation of NHWD-870 as a potential therapeutic strategy for sepsis-associated organ injury. However, the clinical 
translation practice of NHWD-870 in the future still requires efficacy verification; target confirmation; efficacy and safety 
assessment of multiple organ dysfunction other than liver injury; pharmacokinetics-pharmacodynamic optimization and 
other steps.

Conclusions
NHWD-870 ameliorates endotoxemia-induced hepatic inflammation by inhibiting macrophage M1 polarization and 
suppressing BRD4-STAT1 signaling, while direct genetic mechanistic confirmation and broader organ protection 
assessment representing critical next steps toward clinical translation.
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