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An optimized fluorometric cell-based assay was devised for in situ functional imaging 

of CYP1A1 activities in living systems, which was used for discovering efficacious 

AhR-CYP1A1 axis activators as novel anti-inflammatory agents. 
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Abstract The aryl hydrocarbon receptor (AhR) plays a crucial role in regulating many 

physiological processes. Activating the AhR–CYP1A1 axis has emerged as a novel 

therapeutic strategy against various inflammatory diseases. Here, a practical in situ cell-based 

fluorometric assay was constructed to screen AhR-CYP1A1 axis modulators, via functional 

sensing of CYP1A1 activities in live cells. Firstly, a cell-permeable, isoform-specific 

enzyme-activable fluorogenic substrate for CYP1A1 was rationally constructed for in-situ 

visualizing the dynamic changes of CYP1A1 function in living systems, which was 

subsequently used for discovering the efficacious modulators of the AhR–CYP1A1 axis. 

Following screening of a compound library, LAC-7 was identified as an efficacious activator 

of the AhR–CYP1A1 axis, which dose-dependently up-regulated the expression levels of 

both CYP1A1 and AhR in multiple cell lines. LAC-7 also suppressed macrophage M1 

polarization and reduced the levels of inflammatory factors in LPS-induced bone 

marrow-derived macrophages. Animal tests showed that LAC-7 could significantly mitigate 

DSS-induced ulcerative colitis and LPS-induced acute lung injury in mice, and markedly 

reduced the levels of multiple inflammatory factors. Collectively, an optimized fluorometric 

cell-based assay was devised for in situ functional imaging of CYP1A1 activities in living 

systems, which strongly facilitated the discovery of efficacious modulators of the AhR–

CYP1A1 axis as novel anti-inflammatory agents. 

KEY WORDS Aryl hydrocarbon receptor (AhR); Cytochrome P450 1A1 (CYP1A1); In situ 

functional imaging; Ulcerative colitis (UC); Acute lung injury (ALI); Long term imaging; 

Rational design; Inflammatory diseases 
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1. Introduction 

The aryl hydrocarbon receptor (AhR), a vital member of the Per-ARNT-Sim-basic helix–

loop–helix protein family of transcription factors, is widely expressed in immune, epithelial, 

endothelial, and stromal cells within mammalian barrier organs1-3. Emerging evidence has 

suggested that AhR plays crucial roles in regulating various physiological processes, such as 

xenobiotic metabolism4, cell development and differentiation4,5, as well as stem cell 

maintenance4. Additionally, AhR is implicated in multiple diseases, including inflammation1,6, 

metabolic disorders7, cancer1,3,7, and autoimmune diseases1,7. As a canonical ligand-activated 

transcription factor, AhR can be activated by a wide range of structurally diverse chemicals, 

including endogenous metabolites (such as arachidonic acid metabolites), phytochemicals 

(such as flavonoids), therapeutic drugs, and environmental pollutants8-11. Upon ligand 

binding, AhR undergoes a conformational change that exposes its N-terminal nuclear 

localization sequence, facilitating the translocation of the AhR chaperone complex to the 

nucleus. Once inside the nucleus, AhR dimerizes with the aryl hydrocarbon receptor nuclear 

translocator protein (ARNT). This complex then binds to the AhR-responsive enhancer 

elements (AHREs) in the 5ʹ regulatory regions of AhR-driven genes, activating the 

transcription of various target genes, including the genes encoding xenobiotic-metabolizing 

enzymes (such as CYP1A1 and CYP1B1)2,12,13. 

As one of the most well-characterized gene products of the AhR signaling pathway, 

CYP1A1 has drawn significant attention in the fields of inflammation, immunity, cancer, and 

other metabolic diseases14-16. Upon activation of AhR signaling, both the transcription and 

expression levels of CYP1A1 can be up-regulated. The upregulated CYP1A1 can further 

catalyze the oxidative metabolism of a variety of endogenous substances (such as estradiol) 

and therapeutic agents, including AhR modulators, constituting complex regulatory networks 

between AhR and its gene products, as well as their regulators17-22. Moreover, it has been 

reported that activating the AhR signaling cascade can trigger the up-regulation of AhR 

repressor (AhRR), a protein capable of competing with AhR for ARNT, thus resulting in a 

negative feedback regulation that suppresses sustained transcriptional activation of AhR23,24. 

These findings demonstrate that regulating the AhR signaling cascade in living systems is 

extremely complex, making the practical in situ assays for high-throughput screening and 
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characterization of AhR modulators highly desirable. 

Growing evidence has suggested that modulating the AhR–CYP1A axis is a double-edged 

sword25. On the one hand, several environmental toxins (such as aflatoxins, benzo[a]pyrene) 

can trigger carcinogenesis by activating the AhR–CYP1A axis26-28, while direct blocking of 

AhR activation is a feasible strategy for preventing tumor progression in lung cancer29. On 

the other hand, the AhR–CYP1A axis has been validated as a therapeutic target for treating 

autoimmune inflammatory diseases. Activating this axis in specific cellular environments is 

emerging as a novel therapeutic strategy against various inflammatory diseases, including 

intestinal inflammation, skin inflammation, acute lung injury, and acute renal injury6,30-33. 

AhR–CYP1A axis agonists can migrate skin, intestine, and lung injuries by repairing the 

structure of epithelial tight junctions and up-regulating the expression of tight junction 

proteins through activating the AhR–CYP1A axis31. Therefore, it is urgent and necessary to 

develop reliable and practical assays for identifying and evaluating the efficacious modulators 

of the AhR–CYP1A1 axis in living systems. 

Over the past few decades, the cell-based AhR luciferase reporter assay has been 

frequently used for the rapid screening of AhR activators34,35. This assay can efficiently 

assess the transcriptional activity of AhR upon binding with a tested ligand but cannot reflect 

the complex negative feedback mechanism of the up-regulated CYP1As by the tested ligand. 

In some cases, the transcriptional activity levels determined by the AhR luciferase reporter 

assay were inconsistent with the function levels of the downstream gene products of AhR, 

such as CYP1A1. This discrepancy suggests that the AhR luciferase reporter assay may not 

precisely characterize the interaction networks among AhR, CYP1As, and the small-molecule 

ligand. Given that CYP1A1 is a key downstream gene product and an important phenotypic 

marker of AhR activation, as well as a crucial mediator of various inflammatory diseases36,37, 

in situ visualization of the dynamic changes of CYP1A1 function in living systems offers an 

alternative way for precisely assessing the end-point outcomes of the tested chemicals. 

Although a variety of fluorogenic substrates for CYP1A1 (Supporting Information Table S1) 

have been reported over the past decade, most of these probes suffer from poor 

isoform-specificity, limited sensitivity, poor solubility, and very poor cell-membrane 

permeability38-40. Moreover, most of the phenolic metabolites of CYP1A1 substrates can be 
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readily metabolized by phase II metabolizing enzymes (such as uridine 

5’-diphospho-glucuronosyltransferases and sulfotransferases), or are easily transported to the 

extracellular matrix by the efflux pumps (such as p-glycoprotein, P-gp). Consequently, these 

substrates fail to generate stable fluorescent signals inside living cells for long-term in situ 

visualization41-43. These limitations strongly restrict their applications in real-time monitoring 

and in situ visualization of CYP1A1 activities in complex living systems. 

To address the above shortcomings, a rational molecule design strategy combined with a 

cell-based screening approach was employed to identify a cell-permeable and 

isoform-specific fluorogenic substrate for in-situ functional imaging of CYP1A1 (Scheme 1). 

After ensemble docking screening and cell-based functional imaging screening, HDB-EtCl 

was selected as an optimized CYP1A1-activatable fluorogenic substrate, demonstrating an 

exceptional combination of isoform-specificity, rapid response, excellent cell-membrane 

permeability, and superior optical properties. HDB-EtCl was then used to develop a 

cell-based fluorometric assay for in situ functional imaging of CYP1A1 activity and for 

high-throughput screening of CYP1A1 modulators in living systems. Screening an in-house 

compound library led to the identification of LAC-7 as a novel and effective CYP1A1 

inducer, which was further validated as a potent activator of the AhR–CYP1A1 axis in 

various cells. The anti-inflammatory potentials of LAC-7 were then evaluated in 

macrophages, dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) mice, and 

lipopolysaccharide (LPS)-induced acute lung injury (ALI) mice. 

 

2. Materials and methods 

2.1. Chemicals and biological samples 

All chemical reagents were supplied by Sinopharm Chemicals (Shanghai, China). Resorufin 

was purchased from J&K Scientific (Beijing, China). D-Glucose-6-phosphate (G-6-P), 

glucose-6-phosphate dehydrogenase (G-6-PDH), and β-NADP+ were supplied by Sigma‒

Aldrich (St. Louis, MO, USA). MgCl2 was provided by Sinopharm Chemical Reagent 

(Shanghai, China). Resveratrol was purchased from TCI (Shanghai) Development Co., Ltd. 
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Pooled human liver microsomes from 50 donors (HLMs, lot No. X008067) were obtained 

from Bioreclamation IVT (Baltimore, MD, USA). Ketoconazole, DMEM medium, RPMI 

1640 medium, MEM medium, and PBS were sourced from Meilun Bio. Tech (Dalian, China). 

Fetal bovine serum (FBS) and trypsin were provided from Gibco (Thermo Fisher, Waltham, 

MA, USA). Hoechst 33342 was supplied by Shanghai Yuanye Biotechnology Co., Ltd. 

(Shanghai, China). The antibodies of AhR, ZO-1, and Occludin were supplied by Proteintech 

(Wuhan, China). Antibodies against CYP1A1, CD31, and GAPDH were purchased by Cell 

Signaling Technology (Beverly, MA, USA). 

2.2. Cell-membrane permeability assay 

The cell-membrane permeabilities of the fluorescent substrate candidates were assayed. In 

brief, BEAS-2B cells were cultured with the DMEM medium supplemented with 10% FBS in 

a humidified atmosphere of 5% CO2 at 37 °C. When the cells reached about 80% confluency, 

the cells were trypsinized and then resuspended with the DMEM basal medium to the density 

of 2×105 cells/mL. Subsequently, 200 μL of the cell suspension was incubated with CYP1A1 

candidate substrates (5 μmol/L) for 30 min at 37 ℃. Then, the cells were centrifuged (1000 

rpm, 3 min, Fresco 21, Thermo Fisher, Waltham, MA, USA) and resuspended in DMEM 

basal medium, followed by another centrifugation to remove any residual CYP1A1 substrate 

candidates. After that, the cells were lysed with ice-cold methanol (200 μL) and centrifuged 

(20,000×g, 20 min, Fresco 21, Thermo Fisher, Waltham, MA, USA) at 4 °C. The supernatant 

was subsequently analyzed using HPLC-UV (LC-20A, Shimadzu, Kyoto, Japan). 

2.3. Functional imaging of CYP1A1 in living cells 

Several cells expressing high levels of CYP1A1 (BEAS-2B, H292, Caco2, HepG2 cells) 

were used for fluorescent imaging of HDB-EtCl using confocal laser scanning microscopy 

(Leica SP8, Wetzlar, Germany). H292 cells were cultured within the RPMI 1640 medium 

containing 10% FBS. Caco2 cells in MEM medium containing 20% FBS, and BEAS-2B and 

HepG2 cells in DMEM medium containing 10% FBS. All cells were cultured in a humidified 

atmosphere of 5% CO2 at 37 °C. The cells were seeded in confocal dishes at a density of 

1×105 cells per dish. After 24 h, when the cells completely adhered to the wall, the inhibitor 
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group was pre-incubated with resveratrol (100 μmol/L) for 1 h. Then, Hoechst 33342, 

HDB-EtCl (5 μmol/L) were added. Following incubation for 30 min, cells were washed 2–3 

times with PBS, and the cell morphology was fixed with 4% paraformaldehyde. The 

fluorescent images were acquired using one-photon mode. The blue channel was at λex 405 

nm, λem 415–485 nm, and the red channel was at λex 552 nm, λem 580–640 nm. 

2.4. Functional imaging of CYP1A1 in mouse liver and lung slices 

Mouse lung and liver slices were obtained from C57BL/6J mice. All experimental procedures 

were executed according to the protocols approved by the Animal Care and Use Committee 

of Shanghai University of Traditional Chinese Medicine (SHUTCM) with the approval 

number PZSHUTCM2303060002. After fixing the liver and lung tissue of the mouse, they 

were sliced into 150 μm sections with a freezing microtome and placed in confocal dishes 

with 2 mL PBS. The inhibitor group was pre-incubated with resveratrol (100 μmol/L) for 1 h, 

and Hoechst 33342, HDB-EtCl (5 μmol/L) were added. Following a 30 min incubation, 

fluorescent images were acquired using one-photon mode. The blue channel was at λex 405 

nm, λem 415‒485 nm, and the red channel was at λex 552 nm, λem 580‒640 nm. 

2.5. CYP1A1 induction assay 

To screen the induction effects of Benzo[a]pyrene (Bap, a positive inducer of CYP1A1) and 

an in-house compound library on CYP1A1 in living cells, BEAS-2B cells were seeded in the 

black 96-well cell culture plates with clear bottom at a density of 1×104 cells per well. When 

the cells reached about 60% confluency, Bap (reported CYP1A1 inducers) and the in-house 

compound library (10 μmol/L) were added and cultured for 24 h. Subsequently, 100 μL 

HDB-EtCl (5 μmol/L) and Hoechst 33342 were added to initiate the reaction. Following 

incubation for 30 min, fluorescent images were performed using a high-content cell imaging 

analysis system (Operetta CLS, PE, Waltham, MA, USA). The blue channel was at λex 355‒

385 nm, λem 430‒500 nm, and the red channel was at λex 530‒560 nm, λem 570‒650 nm. 

2.6. Anti-inflammatory effect of LAC-7 in BMDMs 

Bone marrow was harvested from tibias and femurs using an aseptic technique, and the bone 
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marrow cells were flushed. The cells were cultured in Dulbecco’s modified Eagle’s medium 

fortified with 10% FBS and subjected to differentiation into bone marrow-derived 

macrophages (BMDM) cells using 40 ng/mL mouse Macrophage Colony-Stimulating Factor 

(M-CSF) for 6 days. To explore the effect of LAC-7 on macrophage polarization, LAC-7 (10 

and 20 μmol/L) was introduced into the M1-stimulated medium (1 μg/mL LPS). BMDM 

cells were harvested and stained with CD86, CD206, and CD11b for 20 min, followed by 

triple washing. Subsequently, the anti-inflammation potentials were assessed using a flow 

cytometer (CytoFLEX S, Beckman, Brea, CA, USA). All experimental procedures were 

executed according to the protocols approved by the Animal Care and Use Committee of 

SHUTCM (approval number: PZSHUTCM2303060002). 

2.7. Safety and tolerability test of LAC-7 

C57BL/6J mice (n = 12, 6 male and 6 female, weighing around 20 g) were housed under 

controlled environmental conditions (22 ± 2 °C; 55 ± 5% relative humidity; 12 h light/dark 

cycle) for one week with free access to food and water. LAC-7 was suspended in water 

before oral administration. The mice were randomly divided into two groups (n = 6, water 

and LAC-7). Mice were orally administered LAC-7/water (100 mg/kg) continuously for 14 

days, and their status was observed, and their weight was measured daily. After the last oral 

administration of LAC-7/water for 24 h, blood samples were collected to test the biochemical 

index, while the mice organs, including heart, liver, spleen, lung, kidney, large intestine, 

small intestine, and brain, were harvested for hematoxylin and eosin (H&E) staining to 

identify histopathological abnormalities.  

2.8. LAC-7 relieved DSS-induced UC and LPS-induced ALI in mice 

2.8.1. Animals 

Male C57BL/6J mice were obtained from the Experiment Animal Center (SHUTCM). All 

experimental procedures were executed according to the protocols approved by the Animal 

Care and Use Committee of SHUTCM (the approval number: PZSHUTCM2303060002). 

The animals were housed under a 12 h/12 h light/dark cycle, 22 ± 2 ℃ and 55 ± 5% relative 
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humidity for one week with free access to food and water.  

2.8.2. Construction and treatment of ulcerative colitis (UC) 

Mice were randomly divided into five groups of six mice per experimental condition. UC 

model mice were induced by adding 3% (w/v) DSS (MP Biomedical, Santa Ana, CA, USA) 

to the drinking water for 8 days, followed by normal drinking water for 2 days. The control 

group mice were housed with free access to food and water44,45. LAC-7 (20 and 40 mg/kg) 

and salazosulfapyridine (SASP, a positive drug for ulcerative colitis, 200 mg/kg) were orally 

administered daily for 8 days, followed by normal drinking water for 2 days.  

2.8.3. Construction and treatment of acute lung injury (ALI) 

Mice were randomly divided into five groups: control, LPS (Sigma‒Aldrich, St. Louis, MO, 

USA), LAC-7 (20 mg/kg), LAC-7 (40 mg/kg), and dexamethasone (Dex, a positive control 

for ALI). Three days prior to LPS induction, the LAC-7 group mice received intragastric 

injections of 20 and 40 mg/kg per day, respectively, and the Dex group mice were orally 

administered Dex (5 mg/kg). Mice were anesthetized via intraperitoneal injection of avertin 

at a dose of 360 mg/kg. After anesthesia, the LPS group, LAC-7 group, and Dex group mice 

were challenged with LPS (5 mg/kg) by intratracheal instillation46,47. After that, mice were 

moved to a heating pad to recover from anesthesia. After 9 h, all mice were euthanized.  

2.8.4. Collection and analysis of bronchoalveolar lavage fluid (BALF) 

To procure BALF, a sterile syringe containing 1 mL of saline was inserted into the trachea of 

the mice, and the lungs were flushed three times. Subsequently, the BALF in the syringe was 

collected and centrifuged (2500 rpm, 4 °C, 10 min, Fresco 21, Thermo Fisher, Waltham, MA, 

USA), and the supernatant was taken for subsequent analysis. The total protein contents in 

BALF were determined using a commercial bicinchoninic acid (BCA) Protein Assay Kit, and 

the cell counts in BALF were performed.  

2.9. Data analysis 

The data were estimated using GraphPad Prism V8.0 (GraphPad Software Inc., La Jolla, CA, 
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USA), ImageJ software (National Institutes of Health, Bethesda, MD, USA), and Origin 2021 

(OriginLab Corporation, Northampton, MA, USA). 

 

3. Results and discussion 

3.1. Design and synthesis of CYP1A1-activable fluorogenic substrate candidates 

The ideal enzyme-activatable fluorogenic substrates for in situ functional imaging of target 

enzyme(s) in living cells should meet the following requirements: 1) ultra-high specificity; 2) 

good cell-membrane permeability; and 3) a high turnover rate with substantial fluorescence 

emission enhancement. Furthermore, the corresponding fluorogenic metabolite should also 

meet the following requirements: 1) good photo- and chemo-stability; 2) a non-substrate for 

efflux transporters (e.g., P-gp); and 3) excellent optical properties and favorable metabolic 

stability, enabling the metabolite to generate stable and bright fluorescence signals inside 

within live cells. 

In previous studies, our group and colleagues have demonstrated that introducing a 

chloroethyl or isopropyl group to the phenolic group of certain fluorophores greatly improves 

the isoform-specificity of CYP1A1 substrates38,39,48. In this work, we designed a total of 24 

CYP1A1-activatable fluorogenic substrate candidates by masking the phenolic group of the 

commonly used fluorophores (emission wavelength > 550 nm) with either a chloroethyl or 

isopropyl group (Supporting Information Fig. S1). Each candidate was then docked with six 

different crystal structures of human CYP1A1 (PDB Bank, 4I8V, 6DWM, 6DWN, 6O5Y, 

6UDL, 6UDM) using ensemble docking (ED). As depicted in Fig. 1A and B, ten substrate 

candidates (No. 1‒6, 11, 12, 17, and 18) showed high binding affinities with all investigated 

CYP1A1 crystal structures, implying their potential as fluorogenic substrates for CYP1A1. 

Subsequently, ten fluorogenic substrate candidates (RSF-ipr, RSF-EtCl, HDI-ipr, 

HDI-EtCl, HDB-ipr, HDB-EtCl, DCM-ipr, DCM-EtCl, TCF-ipr, TCF-EtCl) and their 

dealkylated metabolites were synthesized and fully characterized using NMR and HRMS 

(Supporting Information Schemes S1‒S5, Supporting Information Figs. S2‒S29). 

Biotransformation assay showed that both DCM-ipr and DCM-EtCl could be converted into 
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multiple metabolites by hCYP1A1, while the other tested substrates were metabolized by 

hCYP1A1 into a single fluorescent product (the corresponding fluorophore). The metabolic 

rates (Supporting Information Table S2) of RSF-ipr, RSF-EtCl, HDI-ipr, HDI-EtCl, 

HDB-ipr, HDB-EtCl, TCF-ipr, TCF-EtCl in CYP1A1 were then determined by HPLC‒UV, 

the results showed that the conversion rates of these substrates in CYP1A1 (following 30 min 

incubation) were exceeded 10%. These findings clearly demonstrate that all designed 

substrate candidates are indeed substrates for hCYP1A1, which encourages investigation of 

their in-situ imaging performance for sensing CYP1A1 in live cells. 

3.2. HDB-EtCl shows good in-situ imaging performance for CYP1A1 in live cells 

Next, the in-situ imaging performance of ten fluorogenic substrate candidates for functional 

imaging of CYP1A1 in live cells was carefully investigated. To achieve this, both CYP1A1 

transiently transfected HEK293T cells and BEAS-2B cells (human normal lung epithelial 

cells that overexpressed CYP1A1) were stained with each tested fluorogenic substrate under 

identical conditions (5 μmol/L for 30 min incubation), while the enhancement in fluorescence 

emission was recorded using laser scanning confocal microscopy. As depicted in Fig. 1C and 

Supporting Information Figs. S30‒S32, after co-incubation with HDB-EtCl or HDB-ipr for 

30 min, bright red fluorescent signals were observed within the HEK293T cells 

overexpressed CYP1A1 and BEAS-2B cells. In contrast, very weak or uneven fluorescent 

signals were observed after co-incubation with other fluorogenic agents under identical 

conditions. These findings suggest that HDB-EtCl and HDB-ipr hold good in-situ imaging 

performance for CYP1A1. 

Further investigations revealed that the cell membrane permeability of HDB-EtCl was 

slightly higher than that of HDB-ipr (20.52% vs. 18.17%), while the turnover rate of 

HDB-EtCl in CYP1A1 was significantly higher than that of HDB-ipr (Supporting 

Information Fig. S33 and Table S3). These findings will explain why HDB-EtCl exhibits 

good in situ imaging performance in BEAS-2B cells. Additionally, it was also found that 

HDBI showed good metabolic stability in phase II metabolic systems (Supporting 

Information Fig. S34), suggesting that HDB-EtCl offered a wide time window for in situ 

imaging of hCYP1A1 in live cells. As depicted in Supporting Information Fig. S35, 
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following the addition of HDB-EtCl, the fluorescent signals within BEAS-2B cells increased 

gradually over the first 30 min and remained stable from 40 to 120 min. These observations 

clearly demonstrate that HDB-EtCl exhibits good in situ fluorescent imaging performance 

and offers a wide time window for in situ imaging of hCYP1A1in living cells, prompting 

further investigation into the specificity of HDB-EtCl towards CYP1A1. 

3.3. HDB-EtCl is specifically activated by CYP1A1 

Next, the sensing properties and specificity of HDB-EtCl towards CYP1A1 were carefully 

studied. As shown in Fig. 2A, Supporting Information Figs. S36 and S37, under physiological 

conditions, HDB-EtCl could be readily metabolized by human CYP1A1 to release a single 

dealkylated metabolite (HDBI), which emitted bright red fluorescent signal around 585 nm. 

Subsequently, the specificity of HDB-EtCl towards CYP1A1 was assessed by performing 

P450 enzyme reaction phenotyping assays and chemical inhibition assays. As depicted in Fig. 

2B, among all tested P450 isoenzymes, only CYP1A1 induced the formation of HDBI 

following 30-minute incubation. Chemical inhibition assays (Fig. 2C) showed that 

1-aminobenzotriazole (ABT), a broad-spectrum CYP inhibitor, and resveratrol, an inhibitor of 

CYP1A1, completely blocked HDB-EtCl O-dechloroethylation in HLMs, while the 

inhibitors of other CYPs had negligible inhibition on this reaction. These findings strongly 

supported that HDB-EtCl could be specifically metabolized by CYP1A1 to release a 

metabolically stable metabolite, HDBI. Furthermore, the abundant endogenous substances 

and cations in biological samples could not influence CYP1A1-catalyzed HDB-EtCl 

O-dechloroethylation under physiological conditions (Supporting Information Fig. S38). 

These observations clearly demonstrate that HDB-EtCl is an isoform-specific fluorogenic 

substrate for CYP1A1, which offers a critical foundation for constructing a practical and 

reliable cell-based fluorimetric assay for long-term functional imaging of CYP1A1 in living 

systems, as well as for high-throughput screening of CYP1A1 modulators in living cells. 

3.4. In-situ functional imaging of CYP1A1 in living cells and tissue slices 

Considering that AhR and CYP1A1 are widely expressed in a variety of cell types and are 

associated with inflammation in various organs (such as intestine, lung, skin, and liver), 
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HDB-EtCl is utilized for in-situ functional imaging of CYP1A1 in multiple human cell lines, 

including Caco2, BEAS-2B, H292, and HepG2 cells. Prior to imaging, the cytotoxicity of 

HDB-EtCl, HDBI, and resveratrol (a selective CYP1A1 inhibitor) was tested. The results 

showed that these three compounds exhibited weak cytotoxicity towards all tested 

mammalian cells (Supporting Information Figs. S39‒S42). 

As shown in Fig. 3, after 30-minute staining with HDB-EtCl, bright fluorescent signals 

(red channel) were detected within Caco2, BEAS-2B, H292, and HepG2 cells, with high 

spatial imaging resolution and a high signal-to-noise ratio. Notably, the fluorescent signals 

(red channel) from these cells could be completely blocked by resveratrol (100 μmol/L). 

Encouraged by the exceptional imaging performance of HDB-EtCl in living cells, the 

imaging performance of endogenous CYP1A1 in mouse liver/lung slices was further studied 

using HDB-EtCl as a molecular tool. 

As depicted in Fig. 4, following staining with HDB-EtCl for 30 min under physiological 

conditions, bright red fluorescent signals were readily captured from the mouse liver/lung 

slices, while the red fluorogenic signals were merged well with the Hoechst 33342 dye. As 

expected, the red fluorogenic signals in liver/lung slices could be significantly blocked by 

resveratrol (100 μmol/L). These observations suggest that HDB-EtCl is a practical and 

reliable functional imaging tool for visualizing mammalian CYP1A1 in living cells and tissue 

slices, which impel us to construct a practical cell-based biochemical assay for screening and 

discovering the CYP1A1 modulators at the cellular level. 

3.5. Screening the modulators of the AhR-CYP1A1 axis 

Considering the critical role of the AhR–CYP1A1 axis in regulating inflammatory and 

immune diseases, efficacious modulators of this axis are highly desirable for combating these 

conditions15,21,49. CYP1A1 is a key downstream gene product of AhR and an important 

phenotypic marker of AhR activation. Additionally, it acts as a crucial mediator of various 

inflammatory diseases36,37. Thus, in situ visualization of the dynamic changes in CYP1A1 

function in living systems offers an alternative way for precisely assessing the outcomes of 

tested chemicals. To achieve this end, HDB-EtCl was used to establish a cell-based 

fluorimetric assay for high-throughput screening of CYP1A1 inducers (Fig. 5A). To validate 
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the applicability of HDB-EtCl based fluorimetric assay for screening CYP1A1 inducers in 

living cells, Bap (a known CYP1A1 inducer) was co-cultured with BEAS-2B cells 24 h, a 

significant enhancement in the red fluorescence signal of HDBI was observed inside from 

BEAS-2B cells (Fig. 5B and C). 

Next, we screened the regulatory effects of more than 100 compounds on CYP1A1 from 

an in-house compound library. The commercially unavailable compounds were fully 

characterized (Supporting Information Scheme S6 and Figs. S43‒S146). As shown in Fig. 5D 

and Supporting Information Table S4, LAC-7 showed the strongest CYP1A1 induction effect 

(a 3.11-fold enhancement in CYP1A1 activity) compared to the positive inducer and other 

compounds. Furthermore, LAC-7 upregulated the protein levels of CYP1A1 (2.94-fold) after 

24 h induction (Fig. 5E and F). Given the pivotal role of macrophages in inflammatory 

diseases, the inductive effects of LAC-7 on CYP1A1 expression in macrophages were 

investigated using HDB-EtCl as a fluorescent substrate. Prior to cell-based assays, the 

cytotoxicity of LAC-7 towards BEAS-2B, RAW264.7, and 293T-AhR-luc cells were tested. 

As shown in Supporting Information Fig. S147, LAC-7 displayed weak cytotoxicity towards 

these cells. As demonstrated in Fig. 5G, weak red fluorescent signals were observed in 

RAW264.7 cells without LAC-7 treatment. In sharp contrast, strong red fluorescent signals 

were observed in LAC-7 treated RAW264.7 cells. Additionally, an AhR luciferase reporter 

assay also revealed that LAC-7 could activate AhR transcriptional activity and upregulate 

AhR expression level in dose-dependent manners (Fig. 6A and B, and Supporting 

Information Fig. S148). It was also found that HDB-EtCl and HDBI did not trigger any 

changes in intracellular AhR expression, and these agents were not the substrate for P-gp 

(Supporting Information Fig. S149). Meanwhile, it was also found that LAC-7 showed good 

metabolic stability in human liver microsomes (t1/2 > 120 min), which was much longer than 

that of the reference drug (testosterone) (Supporting Information Fig. S150). These findings 

suggest that HDB-EtCl can be used as a practical tool for rapid screening and in-situ 

characterization of CYP1A1 inducers in live cells. Moreover, LAC-7 is identified as an 

efficacious activator of the AhR-CYP1A1 axis, which can also significantly enhance the 

expression of both CYP1A1 and AhR in BEAS-2B cells and macrophages. 

Prior to the animal tests, the anti-inflammatory effects of LAC-7 were examined in 
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LPS-stimulated bone marrow-derived macrophages (BMDMs). As shown in Fig. 6C and D, 

compared to the control group, LPS facilitated macrophage M1 polarization, evidenced by 

the elevated expression of the M1-specific marker CD86, the diminished expression of the 

M2-specific marker CD206, and the increased secretion of pro-inflammatory cytokines such 

as IL-6, TNF-α, IFN-γ, and IL-1β. As expected, LAC-7 significantly reduced the expression 

levels of the M1 marker CD86 and upregulated the expression levels of the M2 marker 

CD206 in LPS-induced BMDMs. Additionally, the levels of IL-6, TNF-α, IFN-γ, and IL-1β 

were dramatically decreased (Fig. 6C and D). 

3.6. LAC-7 shows good safety profiles and favorable tissue distribution 

The safety and tissue distribution of LAC-7 in mice were carefully evaluated prior to in vivo 

studies on its anti-inflammatory effects. Initially, oral administration of LAC-7 at a high dose 

(100 mg/kg per day) for 14 consecutive days in healthy mice resulted in no mortality, and the 

body weight of the mice showed a gradual increase (Fig. 7A and B). Additionally, 

biochemical assays and hematoxylin and eosin (H&E) staining (Fig. 7C and D) demonstrated 

that no haematotoxicity, organ injuries, or apparent abnormalities were observed in the 

LAC-7-treated mice, indicating that LAC-7 possessed a favorable safety profile. Meanwhile, 

the tissue distribution of LAC-7 was investigated following a single oral dose (40 mg/kg) in 

mice. As shown in Supporting Information Fig. S151, LAC-7 exhibited high exposure in the 

intestinal tract (including the duodenum, jejunum, ileum, and colon) and was also detectable 

in the lung and liver tissues. These findings support the further investigation of the 

anti-inflammatory effects of LAC-7 in mice. 

3.7. LAC-7 significantly alleviates DSS-induced ulcerative colitis 

Notably, LAC-7 was mainly exposed to barrier organs such as the intestinal tract and lung, 

prompting further investigation into its anti-inflammatory effects in mouse models of 

ulcerative colitis (UC) and acute lung injury (ALI). To further evaluate the therapeutic 

potential of LAC-7 in ulcerative colitis mice, its alleviative effects on DSS-induced 

ulcerative colitis were investigated. In the model group, DSS-induced mice manifested severe 

colitis, as indicated by body weight loss, diarrhea, and bleeding (Fig. 8A‒D). Compared to 
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the DSS-treated group, LAC-7 (20 and 40 mg/kg) treatment significantly reversed 

DSS-challenged ulcerative colitis, including body weight loss, diarrhea, and bleeding. 

DSS significantly shortened the colonic length (a typical indicator of colitis severity) in 

DSS-treated mice. By contrast, oral administration of LAC-7 (20 and 40 mg/kg) or 

salazosulfapyridine (SASP, a positive drug for ulcerative colitis) significantly reversed the 

shortening of colon length by DSS (Fig. 8C). Pathological conditions in the intestinal tissues 

were also assessed using hematoxylin-eosin (H&E) staining (Fig. 8E). Compared to the 

control group, the colonic mucosa of DSS-challenged mice showed severe epithelial 

disruption, inflammatory cell infiltration, mucous membrane damage, and crypt damage. 

However, these histopathological abnormities were largely restored in mice treated with 

LAC-7 (20 and 40 mg/kg) and SASP. Pro-inflammatory cytokines play a critical role in 

DSS-induced ulcerative colitis. The expression levels of IL-1β, TNF-α, IL-6, and IFN-γ in 

intestinal tissues were quantified using commercial ELISA kits. As expected, compared to the 

control group, the levels of pro-inflammatory cytokines, including IL-1β, TNF-α, IL-6, and 

IFN-γ, were significantly elevated in the intestine of DSS-induced ulcerative colitis mice (Fig. 

8F). In contrast, oral administration of LAC-7 and SASP effectively mitigated the elevated 

levels of these cytokines induced by DSS, confirming the excellent anti-inflammatory effects 

of this agent in ulcerative colitis mice. 

The expression levels of tight junction proteins, Occludin and ZO-1, significantly 

decreased in the intestines of DSS-challenged mice. However, treatment with LAC-7 and 

SASP significantly increased the expression of these proteins, thereby restoring the integrity 

of the intestinal mucosal barrier (Supporting Information Fig. S152). Furthermore, the protein 

levels of AhR and CYP1A1 in intestinal tissues of DSS-challenged mice were significantly 

downregulated compared to the control group (Fig. 8G). In contrast, LAC-7 significantly 

upregulated the expression levels of both AhR and CYP1A1 in DSS-challenged ulcerative 

colitis mice, suggesting that LAC-7 could effectively activate the AhR-CYP1A1 axis. 

Notably, LAC-7 (40 mg/kg) demonstrates comparable efficacy to the positive control drug 

SASP (200 mg/kg) in relieving DSS-induced ulcerative colitis, suggesting that LAC-7 is a 

highly efficacious anti-inflammatory agent for treating ulcerative colitis. 
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3.8. LAC-7 significantly attenuates LPS-induced ALI in mice 

Following a single oral administration to mice, LAC-7 was distributed in lung tissue, in 

addition to being highly distributed in intestinal tissue. The mitigation effects of LAC-7 (20 

and 40 mg/kg) on LPS-challenged ALI mice were thoroughly investigated. The flowchart 

detailing the animal experiment protocol is illustrated in Fig. 9A. The ALI model was 

established in mice via intratracheal instillation of LPS, and significant infiltration of 

inflammatory cells was observed in lung tissue of ALI mice via H&E staining (Fig. 9B). In 

contrast, treatment with both LAC-7 (20 and 40 mg/kg) and dexamethasone (Dex, a positive 

control for ALI) significantly ameliorated LPS-induced interstitial edema, infiltration of 

inflammatory cells, thickening of alveolar walls, and alveolar collapse in mice. Furthermore, 

both LAC-7 (20 and 40 mg/kg) and Dex could significantly reduce lung injury scores in ALI 

mice. 

The bronchoalveolar lavage fluid (BALF) experiment was used to evaluate the 

inflammatory response in lung diseases. Pulmonary alveoli permeability was evaluated based 

on cell counts in BALF, which were significantly increased in LPS-induced mice. 

Remarkably, the total cell count in BALF was significantly decreased following treatment 

with LAC-7 or Dex compared to LPS-induced ALI mice (Fig. 9C). Subsequently, the levels 

of TNF-α, IL-6, and IL-1β in BALF were detected (Fig. 9C). Compared to the control group, 

LPS could significantly increase the levels of TNF-α, IL-6, and IL-1β in BALF. Treatment 

with LAC-7 decreased the levels of the cytokine in BALF compared to LPS alone, indicating 

that LAC-7 effectively inhibited cytokine secretion in BALF. 

Immunofluorescence (IF) analysis was performed to explore the distribution and 

expression of the tight junction proteins (Occludin and ZO-1) in lung tissues. Mouse lung 

tissues were stained with an anti-CD31 antibody (green) to visualize endothelial cells. The 

findings (Fig. 9D) revealed that in the control group, ZO-1 (red) in CD31-positive cells 

exhibited strong fluorescence intensity and formed a continuous line along the cell 

boundaries. However, following LPS-induced ALI, the fluorescence intensity of ZO-1 was 

significantly decreased and displayed a fragmented staining pattern. Remarkably, oral 

administration of LAC-7 and Dex significantly increased the immunofluorescence intensity, 
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with a restoration of continuous cell membrane staining. Similarly, treatment with LAC-7 or 

Dex enhanced the immunofluorescence intensity of Occludin, partially restoring cell 

membrane integrity. Furthermore, LAC-7 could significantly upregulate the expression of 

both AhR and CYP1A1 in lung tissues of LPS-induced mice (Supporting Information Fig. 

S153). These findings clearly demonstrate that LAC-7 markedly activates the AhR-CYP1A1 

axis and attenuates LPS-induced ALI and inflammatory responses in mice, showcasing its 

impressive anti-inflammatory performance both in vitro and in vivo.  

Inflammatory-related diseases are key contributors to high global mortality and adversely 

impact quality of life. More than 50% of all deaths are attributed to inflammation-related 

diseases (such as inflammatory bowel disease (IBD), ischemic heart disease, hypertension, 

stroke, diabetes mellitus, chronic kidney disease, neurodegenerative disorders, and 

cancer)50,51. Initially, researchers generally believed that AhR was primarily involved in the 

metabolism of environmental chemicals26-28. However, recent evidence suggests that the 

AhR–CYP1A axis is a therapeutic target for treating autoimmune inflammatory diseases. 

Activation of this axis in specific cellular environments is emerging as a novel therapeutic 

modality for various inflammatory diseases, including intestinal inflammation, skin 

inflammation, acute lung injury, and acute renal injury30-33. 

Previous studies have shown that a variety of compounds (such as I3C) can prevent and treat 

inflammatory diseases by activating AhR and CYP1A152-55. It is well known that CYP1A1 is 

the downstream protein of AhR, and CYP1A1 enzymatic activity is critical for restoring 

epithelial barriers, including the intestine, lung, and skin barriers. Recent studies have also 

found that the expression of CYP1A1 is crucial for enhancing intestinal and lung barrier 

functions and for ulcerative colitis and lung protective activity mediated by AhR agonists. This 

key enzyme promotes M2 macrophage polarization, thereby regulating inflammatory 

responses56. 

Furthermore, CYP1A1 modulates inflammatory responses by catalyzing the oxidative 

metabolism of endogenous substances (such as estradiol), herbal constituents, and therapeutic 

agents21,22. For example, CYP1A1 can metabolize estradiol to form 2-hydroxy estradiol, 

which exerts anti-inflammatory and anti-oxidative stress effects by competitively inhibiting 

prostaglandin-endoperoxide synthase (PTGS). Notably, some CYP1A1 inhibitors also act as 
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AhR activators, leading to contradictory findings in target-based biochemical assays and in 

vivo studies. This highlights the need to discover effective modulators of the AhR-CYP1A1 

axis by optimized fluorometric cell-based assays combined with the cell-based AhR 

luciferase reporter assays. 

Although various fluorogenic substrates for CYP1A1 have been reported over the past 

decade, most suffer from poor isoform specificity, limited sensitivity, poor solubility, and 

inadequate cell membrane permeability. To address these issues, a rational molecule design 

and cell-based screening strategy are used to develop CYP1A1-specific fluorescent substrates 

for in-situ functional imaging. Fortunately, HDB-EtCl was identified as an isoform-specific 

fluorescent substrate for CYP1A1, demonstrating exceptional real-time fluorescent imaging 

capabilities in living cells. HDB-EtCl showed good cell membrane permeability, while 

HDBI, the metabolites of HDB-EtCl, showed favorable optical properties and metabolic 

stability. As depicted in Fig. S35, HDB-EtCl enabled continuous real-time imaging of 

CYP1A1 in living cells, with stable fluorescence for up to 120 min. Importantly, neither 

HDB-EtCl nor HDBI induced CYP1A1 expression by agonizing AhR. 

These findings clearly demonstrate that HDB-EtCl is an isoform-specific fluorogenic 

substrate for CYP1A1, offering a critical foundation for constructing a practical and reliable 

cell-based fluorimetric assay for long-term functional imaging of CYP1A1 in living systems, 

as well as for high-throughput screening of CYP1A1 modulators in living cells. Typically, 

detecting CYP1A1 activity in live cells requires cell disruption, leading to results that may 

not accurately reflect the activity of CYP1A1 in a living system. Therefore, the 

CYP1A1-specific fluorogenic substrate in this study provides a practical tool for quantifying 

the activity and function of CYP1A1 in living systems. Moreover, HDB-EtCl provides a 

high-throughput and visual method for detecting CYP1A1 activity that is independent of 

mass spectrometry and liquid chromatography. 

To this end, HDB-EtCl was used to construct a cell-based fluorimetric assay for 

high-throughput screening of CYP1A1 inducers. This method employs a high-content 

imaging system for quantitative detection through fluorescence imaging, offering superior 

throughput compared to confocal and high-resolution imaging. By screening of an in-house 

compound library, the chalcone derivative LAC-7 was identified as a novel efficacious 
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activator of the AhR-CYP1A1 axis. Further investigations showed that LAC-7 could induce 

the expression levels of both CYP1A1 and AhR in multiple cell lines, while also suppressing 

macrophage M1 polarization and reducing levels of inflammatory factors in LPS-induced 

BMDMs. Furthermore, animal toxicity studies demonstrated that LAC-7 possessed a 

favorable safety profile, with no significant abnormalities or organ injuries following oral 

administration at a high dose (100 mg/kg per day) for 14 consecutive days. These findings 

suggest that LAC-7 has the potential to be developed as a promising anti-inflammation drug 

candidate. 

To confirm the efficacy of LAC-7, we further established its anti-inflammation potential in 

mice models. Considering that AhR and CYP1A1 are widely expressed in a variety of cells 

and are associated with inflammation in various barrier organs, including the intestine, lung, 

and skin. Since LAC-7 was highly exposed to the intestinal tract, lung, and liver following 

oral administration, in vivo studies were conducted using models of DSS-induced UC and 

LPS-induced ALI. As anticipated, LAC-7 (administered at a high dose of 40 mg/kg) 

demonstrated comparable efficacy to the positive control drug in alleviating DSS-induced UC 

and LPS-induced ALI mice, suggesting that LAC-7 is a highly efficacious anti-inflammatory 

agent. Future research should focus on other modifications to LAC-7 to optimize its drug-like 

properties and conduct comprehensive anti-inflammatory pharmacological studies. This will 

facilitate the design and development of novel anti-inflammatory drug candidates for in vivo 

applications. 

 

4. Conclusions 

In summary, a practical in-situ functional imaging assay for sensing CYP1A1 activities in 

living systems was developed and applied for the high-throughput discovery of efficacious 

modulators of the AhR–CYP1A1 axis. Through rational molecule design and two rounds of 

screening, HDB-EtCl was identified as a highly specific CYP1A1-activatable fluorogenic 

substrate, exhibiting an optimal combination of isoform-specificity, rapid response, excellent 

cell-membrane permeability, and superior optical properties. Utilizing HDB-EtCl, we 

constructed a cell-based fluorimetric assay for in-situ functional imaging of CYP1A1 and 

high-throughput screening of CYP1A1 modulators in living cells. The optimized fluorimetric 
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cell-based assay was integrated with a cell-based AhR luciferase reporter assay to discover 

efficacious modulators of the AhR–CYP1A1 axis. Following screening of an in-house 

compound library, LAC-7 was identified as a novel efficacious activator of the AhR–

CYP1A1 axis. Further investigations showed that LAC-7 could induce the expression levels 

of both CYP1A1 and AhR in multiple cell lines, while suppressing macrophage M1 

polarization and reducing the levels of inflammatory factors in LPS-induced BMDMs. In vivo 

studies showed that LAC-7 significantly alleviated DSS-induced UC and LPS-induced ALI 

mice, and markedly reduced the inflammatory responses. Collectively, we report an 

optimized fluorimetric cell-based assay for in situ functional imaging of CYP1A1 activities in 

living systems, providing a practical tool for high-throughput phenotypic screening and 

characterization of AhR–CYP1A1 axis modulators. Using this optimized assay, we identified 

LAC-7 as a novel efficacious activator of the AhR–CYP1A1 axis with impressively 

anti-inflammatory properties, positioning it as a promising candidate for developing novel 

anti-inflammatory agents. 
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Scheme 1  Schematic illustration of the construction of an optimized fluorometric cell-based 

assay for discovering potent activators of the AhR–CYP1A1 axis as efficacious 

anti-inflammatory agents. 
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Figure 1  (A) Predicting the binding-affinity (the first conformation) of 24 fluorophores 

towards hCYP1A1 by ensemble docking. (B) Chemical structures of 10 fluorescent substrate 

candidates for CYP1A1. (C) Functional imaging for CYP1A1 in BEAS-2B cells by using 10 

fluorescent substrate candidates. Scale bar: 50 μm. Data are presented as mean ± SD (n = 3).  
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Figure 2  (A) Sensing mechanism of HDB-EtCl towards hCYP1A1. (B) HDB-EtCl was 

incubated with each tested human CYP enzyme for 30 min under physiological conditions 

(37 °C, pH 7.4). (C) The inhibitory effects of CYP inhibitors on HDB-EtCl 

O-dechloroethylation in human liver preparations. Data are presented as mean ± SD (n = 3). 

**P < 0.01, and ***P < 0.001. 
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Figure 3  (A) Functional imaging of hCYP1A1 in living cells using confocal laser scanning 

microscopy. (B) The mean fluorescence intensity of A. (a) The cells were incubated with 

HDB-EtCl (5 µmol/L, red channel) for 30 min, Hoechst 33342 (blue channel) for 15 min. (b) 

The cells were treated by resveratrol (a hCYP1A1 inhibitor, 100 µmol/L) for 1 h, following 

staining by HDB-EtCl. Data are presented as mean ± SD (n = 3). Scale bar: 50 μm. **P < 

0.01, and ***P < 0.001. 
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Figure 4  (A) Functional imaging of CYP1A1 in mouse liver and lung slices using confocal 

laser scanning microscopy. (B) The mean fluorescence intensity of A. (a) The slices were 

incubated with HDB-EtCl (5 µmol/L, red channel) for 30 min, Hoechst 33342 (blue channel) 

for 15 min. (b) The slices were treated with resveratrol (100 µmol/L) for 1 h, following 

staining by HDB-EtCl. Data are presented as mean ± SD (n = 3). Scale bar: 50 μm. **P < 

0.01, and ***P < 0.001. 
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Figure 5  (A) Schematic diagram for screening CYP1A1 inducers. (B, C) Evaluation of the 

inductive effect of Bap (a reported CYP1A1 inducer) on CYP1A1 in BEAS-2B cells. Scale 

bar: 150 μm. (D) The hCYP1A1-induction potentials of an in-house compound library using 

HDB-EtCl as the fluorogenic substrate. (E) The structure of LAC-7. (F) Quantification of 

the CYP1A1 levels in BEAS-2B cells with or without LAC-7. (G) Functional imaging of 
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CYP1A1 with or without LAC-7 induced CYP1A1 in RAW264.7 cells. Scale bar: 50 μm. 

Data are presented as mean ± SD (n = 3). *P < 0.05, and ***P < 0.001. 

 

Figure 6  (A) The agonistic effects of LAC-7 on AhR. (B) WB plot of LAC-7 induced AhR 

in BEAS-2B cells. (C) Flow cytometry analysis and quantitative analysis of M1 marker 

CD86 and M2 marker CD206 in Bone Marrow-Derived Macrophages (BMDMs) following 

LAC-7 treatment. (D) LAC-7 significantly reduced the levels of IL-6, IL-1β, IFN-γ, TNF-α 
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in LPS-induced BMDMs. Data are presented as mean ± SD (n = 3 or 5). **P < 0.01, and 

***P < 0.001. 

 

 

Figure 7  LAC-7 shows good safety profiles in mice. (A) Animal experimental road map. 
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(B) Body weight changes in mice. (C) The serum biochemical analysis in control and LAC-7 

groups. (D) Typical hematoxylin and eosin (H&E) staining from control and LAC-7 groups. 

Scale bar: 100 μm. Data are presented as mean ± SD (n = 5 or 6).  
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Figure 8  Treatment outcomes of LAC-7 on DSS-induced ulcerative colitis in mice. (A) 

Timeline for the establishment of the ulcerative colitis model and LAC-7 treatment. (B) The 
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weight change of each group mice following LAC-7 treatment. (C) The colon length of each 

group mice following LAC-7 treatment. (D) The histological score of mice in each group. (E) 

HE-stained colon tissue sections. Scale bar: 100, 50 μm. (F) Level of proinflammatory 

cytokines (IL-6, TNF-α, IFN-γ, IL-1β). (G) Effect of LAC-7 on CYP1A1 and AhR protein 

expression in colon tissues. Data are presented as mean ± SD (n = 3 or 6). *P < 0.05, **P < 

0.01, and ***P < 0.001.  
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Figure 9  Therapeutic effects of LAC-7 on LPS-induced acute lung injury (ALI) in mice. 

(A) Timeline for the establishment of the ALI model and LAC-7 treatment. (B) HE-stained 

lung sections. Scale bar: 50 μm. (C) Effects of LAC-7 on BALF total cells and 

proinflammatory cytokines levels (IL-1β, IL-6, TNF-α). (D) Immunofluorescence plots of 

CD31 and two tight junction proteins (ZO-1 and Occludin) in LPS-induced ALI mice and 

LAC-7 treated group. Scale bar: 20 μm. Data are presented as mean ± SD (n = 6). *P < 0.05, 
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**P < 0.01, and ***P < 0.001.  
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