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Abstract Intestinal fibrosis is a significant clinical challenge in inflammatory bowel diseases, but no

effective anti-fibrotic therapy is currently available. Glucagon receptor (GCGR) and glucagon-like pep-

tide 1 receptor (GLP1R) are both peptide hormone receptors involved in energy metabolism of epithelial

cells. However, their role in intestinal fibrosis and the underlying mechanisms remain largely unexplored.

Herein GCGR and GLP1R were found to be reduced in the stenotic ileum of patients with Crohn’s dis-

ease as well as in the fibrotic colon of mice with chronic colitis. The downregulation of GCGR and

GLP1R led to the accumulation of the metabolic byproduct lactate, resulting in histone H3K9 lactylation

and exacerbated intestinal fibrosis through epithelial-to-mesenchymal transition (EMT). Dual activating

GCGR and GLP1R by peptide 1907B reduced the H3K9 lactylation in epithelial cells and ameliorated

intestinal fibrosis in vivo. We uncovered the role of GCGR/GLP1R in regulating EMT involved in intes-

tinal fibrosis via histone lactylation. Simultaneously activating GCGR/GLP1R with the novel dual agonist

peptide 1907B holds promise as a treatment strategy for alleviating intestinal fibrosis.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Intestinal fibrosis represents a challenge in treating inflammatory
bowel disease (IBD), particularly in the case of Crohn’s disease
(CD)1. Fibrosis can lead to the development of intestinal fibros-
tenosis and even obstruction, requiring medical interventions2.
The burden on patients and the lack of effective anti-fibrotic
therapies have, in fact, motivated emerging studies to explore
the underlying mechanisms driving intestinal fibrosis.

Like other fibrotic diseases, transforming growth factor b1
(TGFb1) is a potent profibrotic mediator in the gut, playing a
central role by inducing fibroblast proliferation and differentia-
tion, promoting epithelial-to-mesenchymal transition (EMT),
enhancing extracellular matrix (ECM) production and etc3-5. It
triggers EMT, causing leading to extensive alterations in energy
metabolism within the epithelial transcriptome, particularly in
aerobic glycolysis6,7. As a primary byproduct of glycolysis, lactate
has multiple biological functions but a number of these, including
those involved in the regulation of intestinal fibrosis, remain
unexplored. Recent studies suggest that lactate not only directly
regulates protein functions8-10, but also stimulates gene tran-
scription through histone lactylation which modify lysine residues
on histones11-15. This novel epigenetic modification holds
important implications for cellular processes, including fibrosis.
Indeed, lactate was found to increase histone lactylation in
non-small cell lung cancer cells16, challenging the conventional
perspective of lactate as a mere metabolic byproduct and
highlighting its potential as a therapeutic target for fibrotic
disorders17-19.

Glucagon receptor (GCGR) and glucagon-like peptide 1
receptor (GLP1R) are both peptide hormone receptors closely
related to glycometabolism20,21. Previous studies have emphasized
their dual action, which can impact key metabolic and patholog-
ical components of non-alcoholic steatohepatitis, in part by miti-
gating fibrosis22-24. Indeed, GLP1R is predominantly expressed in
epithelial cells, with reduced mRNA levels observed in the colon
of both ulcerative colitis and CD patients25. GLP1R signaling is
linked to a novel axis that regulates innate immunity, gut barrier
function, epithelial turnover, and the host response to enteric
pathogens in intestinal intraepithelial lymphocytes26. Enhancing
GLP1R signaling could also promote intestinotrophic activity in
Gcgr�/� mice, either in the small bowel or colon, hence indicating

synergistic action27. This elegant work suggested that the simul-
taneous targeting of GCGR and GLP1R could be a promising
therapeutic strategy in the treatment of intestinal fibrosis, espe-
cially its novel metabolism-related mechanism.

In this study, we ultimately revealed a positive feedback loop
consisting of decreased GCGR/GLP1R expression, lactate accu-
mulation and histone H3K9 lactylation (H3K9la). In addition, it
was shown how this loop could exacerbate EMT in intestinal
fibrosis (Fig. 1A). Based on both pharmacological and genetic
approaches, a GCGR/GLP1R co-agonist peptide (1907B) were
also determined to inhibit the development of intestinal fibrosis
according to this loop. Overall, this study revealed that the GCGR/
GLP1Relactate axis could be a novel therapeutic target for
intestinal fibrosis associated with IBD.

2. Materials and methods

2.1. Synthesis of peptides

A series of GCGR/GLP1R dual-target peptides were synthesized
using the standard protocol of solid-phase peptide synthesis on
4-methylbenzhydrylamine resin (GL Biochem, Shanghai, China).
The synthesis was manually performed on a chemical rotary
shaker (SYNTHWARE, Beijing, China). Reversed-phase high-
performance liquid chromatography-mass spectrometric (RP-
HPLCeMS, Agilent Technologies, USA) was used to perform the
peptide purification and atomic accumulation process. All pep-
tides were processed to >95% purity, and their peptide sequence
identity was confirmed by mass spectrometry. The excitation
activity data of the GCGR/GLP1R dual-target peptides are listed
in Supporting Information Table S1.

2.2. Procurement and histopathology of intestinal tissues

Freshly resected intestinal specimens (full thickness) were
obtained from subjects with CD as previously described, alongside
controls comprised healthy tissues (healthy margin of resections
from colorectal cancer patients; termed NL for normal)28. The CD
specimens were then classified, based on gross anatomy, into
strictured (CD-S) and non-strictured (CD-NS) samples. Our pro-
curement system was validated by a trained IBD pathologist
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Figure 1 Expression of GCGR and GLP1R is correlated with EMT in intestinal fibrosis. (A) The scheme of the GCGR/GLP1Relactate axis in

intestinal fibrosis. (B) The expression of GCGR and GLP1RmRNA in CD patients’ intestine (nZ 10 patients). The data is presented as symbol and

lines. (C, D) Representative immunohistochemical staining and semiquantitative image analysis of Vimentin in the intestine fromCDpatients (nZ 10

patients). (E) Representative Western blot images of GCGR and GLP1R in CD patients’ intestine (n Z 3 patients). (F) Representative in situ hy-

bridization images of GCGR and GLP1R mRNA expression in the intestine from CD patients (n Z 10 patients). (G) Expression of Gcgr and Glp1r

mRNA in intestine frommice (nZ 8e10). The data is presented as min to max using box plot. (H) Representative Western blot images of GCGR and

GLP1R protein in intestine from mice (n Z 3). (I) Uniform manifold approximation and projection (UMAP) plots from control and experimental

chronic colonic fibrosis mice. (J) Feature plots showing the expression distribution of Gcgr andGlp1r in intestinal epithelial cells. (K, L) Violin plots

and scatter plots in intestinal epithelial cells between control and experimental chronic colonic fibrosis mice. *P < 0.05, **P < 0.01 vs as indicated.
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(IOG) through histopathologic evaluation. Molecular character-
izations, including immunohistochemistry, Western blot and
quantitative real-time polymerase chain reaction (qRT-PCR), were
subsequently performed. All clinical Intestinal samples were
obtained from the First Affiliated Hospitals of Sun Yat-sen
University (Guangzhou, China). All procedures were performed
in compliance with relevant laws and institutional guidelines. The
study was approved by the institutional ethics review board of the
First Affiliated Hospital, Sun Yat-sen University [No. (2023)113].
Informed consents were signed by patients with CD. The infor-
mation on patients is listed in Supporting Information Table S2.

2.3. Animals

Male C57BL/6J and BALB/c mice, aged 6e8 weeks old, were
obtained from the Guangdong Medical Laboratory Animal Center
(certificate No. SCXK 2022-0002). Mice in groups of 4e6 animals
per cage were housed with a 12 h light/dark cycle lighting schedule
and were given free access to food and water at a temperature of
24.0 � 0.5 �C. The time for experimentation was from 09:30 am to
11:30 am and the testing order was randomized daily, with each
animal tested at a different time each test day. All experiments
were approved by the Ethics Committee on Use and Care of An-
imals of Sun Yat-sen University (SYSU-IACUC-2023-000631),
and the instructions of Guide for Care and Use of Laboratory
Animals from NIH. The applicable Bolder BioPATH standard
operating procedures were strictly followed for all treatments and
handling of animals. All efforts were made to minimize animal
suffering and reduce the number of animals used.

2.4. Induction of chronic colitis in mice

To induce chronic colitis-associated colonic fibrosis, mice received
2% dextran sulfate sodium (DSS) or 2.5% trinitro-benzene-sulfonic
acid (TNBS)29. (1) For the 2%DSS-induced chronic model, mice
received 2%DSS in the drinking water for 1 week, followed by 2
weeks of normal drinking water. This cycle was repeated 3 times.
Mice were randomized and treated 240 mg/kg 1907B subcutane-
ously every other day after the second cycle of DSS (n Z 10 mice
per group, a total of 30 mice). Mice were divided into three groups:
Normal (control), 2%DSS (model) and 2%DSSþ1907B. (2) For
2.5% 2,4,6-trinitrobenzenesulphonic acid (TNBS; Sigma,
Shanghai, China)-induced chronic model, BALB/c mice were
anesthetized by isoflurane (0.41 mL/min at 4 L/min fresh gas flow,
working concentration: 2%), and 0.1 mL of 50% ethanol (vehicle),
or TNBS (50 mg/kg) dissolved in 50% ethanol were administered
into the colon through a rubber catheter. The experiment was
repeated weekly for 6 weeks. Mice were randomized and subcuta-
neously treated with 240 mg/kg 1907B every other day after the
fourth week (n Z 3 mice per group, a total of 9 mice). Mice were
divided into three groups: Vehicle (control), TNBS (model), and
TNBSþ1907B.

For each animal, three different investigators were involved as
follows: the first investigator was responsible for model induction,
the second investigator administered the treatment, and was the
only person aware of the treatment group allocation, finally, the
third investigator (also unaware of treatment) assessed and
recorded the fecal state.

Mice were monitored daily for stool consistency and hema-
tochezia. Mice were randomized based on their rectal bleeding and
diarrhea scores. The score of stool blood (score Z 0: absence, 2:
presence, 4: gross bleeding) and stool consistency (score Z 0:

formed and hard, 1: formed but soft, 2: loose stools, 3: mild
diarrhea, 4: gross diarrhea) were recorded29. Haemoccult test
(Baso, Zhuhai, China) was used to measure the presence of blood
in the stool. The mice were sacrificed to analyze the serum and
colon tissue.

2.5. Adeno-associated virus 9 (AAV9)-RNAi-mediated Glp1r
and Gcgr knockdown

The AAV9 carrying shRNA for mouse Glp1r (AAV9-Glp1r-
shRNA), shRNA for mouse Gcgr (AAV9-Gcgr-shRNA), and
mouse nonsense control shRNA (AAV9-NC-shRNA) were custom-
made from Genechem (Shanghai, China). The administration
procedures were performed according to previous studies30. The
adeno-associated virus was injected into mice (1011 v.g., via tail
vein) to knock down Glp1r and Gcgr. The target sequences used
for knockdown are listed in Supporting Information Table S3.

Animals were randomized using a computer-based random
order generator. After 3 weeks of injection with AAV9-RNAi to
knock down Glp1r and Gcgr, C57BL/6J mice were used to
establish the DSS-induced chronic model, as above described.
Mice were classified into three groups: shNC group (rats injected
with AAV9-NC-shRNA), 2%DSSþshNC group (rats administered
with 2%DSS solution and injected with AAV9-NC-shRNA) and
2%DSSþshGcgr-shGlp1r group (rats administered with 2%DSS
solution and injected with AAV9-Glp1r-shRNA and AAV9-Gcgr-
shRNA). The mice were sacrificed to harvest the colon tissue
(n Z 6 mice per group, a total of 18 mice) for metabolomic
analysis and Masson staining. The degree of colon fibrosis was
evaluated by a semi-quantitative analysis in the blue-dyed region
of Masson microscopic images.

2.6. Isolation of primary mouse colon epithelial cells in vitro

As described in the previous study with some modifications31,
colons obtained from mice were cut into small pieces, washed, and
then digested at 37 �C on a shaking platform at 60 rpm for 20 min.
After shaking and mixing, the digestive fluid containing the in-
testinal segments was filtered through a 100 mm cell strainer, the
first filtrate was collected, and placed on ice. The intestinal seg-
ments were transferred to a centrifuge tube containing digestive
fluid and incubated at 37 �C on a shaking platform at 60 rpm for
20 min. After shaking and mixing, the digestive fluid containing
the intestinal segments was filtered through a 100 mm cell strainer.
The collected filtrate was combined with the first filtrate and
added phosphate buffered saline (PBS) buffer to a final volume of
35 mL. After centrifuging at 250�g for 10 min at 4 �C, the
resulting pellet was the isolated epithelial cells. Epithelial diges-
tive fluid: HBSS balanced salt solution (without calcium and
magnesium, with phenol red) 288 mL, 2% fetal bovine serum
6 mL, 5 mmol/L EDTA Na2 332 mL, 2 mmol/L DTT 300 mL,
100 � HEPES solution 3 mL, 100 � penicillinestreptomycin
antibiotic mixture 3 mL.

2.7. Morphology and histology

The mice were euthanized, the colon was removed, and its length
and weight were recorded. The colon tissue was then fixed in 10%
neutral buffered formalin and embedded in paraffin. Histological
sections of 5 mm were prepared and stained with hematoxylin-
eosin and Masson. Images of the tissue sections were digitally
acquired, and morphometric analyses were performed.
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2.8. In situ hybridization

In situ hybridization was performed on clinical and mouse tissue
samples embedded in 4 mm-thick paraffin to detect the expression
of GCGR (or Gcgr) and GLP1R (or Glp1r) mRNA. Samples were
fixed, sectioned, and hybridized with the probes specific for each
target gene (Servicebio, Wuhan, China). The sequences of probes
used are listed in Supporting Information Table S4. Slices were
observed and images were captured using an upright fluorescence
microscope (3DHISTECH, Budapest, Hungary).

2.9. Luminex assay

The whole blood was centrifuged at 1600 � g for 10 min at 4 �C
to obtain serum samples. The cytokines present in the serum were
analyzed using a mouse magnetic Luminex assay (R&D system,
CA, USA) with the help of a Luminex 200™ instrument (Luminex
Corporation, TX, USA).

2.10. Metabolomic analysis of mice colon

Mice were infected with AAV9 to knockdown Glp1r and Gcgr,
and then used in the DSS-induced chronic model, with their colon
subsequently pretreated by following corresponding protocol32,33.
All those metabolites were detected by MetWare (http://www.
metware.cn/) based on the AB Sciex QTRAP 6500 LCeMS/MS
platform (Wuhan, China). The metabolites with fold change �1.2
or fold change �0.67 were considered significant.

2.11. Tissue dissociation and single-cell RNA sequencing
(scRNA-seq) of mouse colon

Following the removal of adipose tissue and visible blood ves-
sels, colons from C57BL/6J mice were treated with water and
chronic 2% DSS (n Z 3), and were collected. Subsequently,
they were washed with ice-cold PBS and cut into small
approximately 0.25 cm-long fragments. These tissue fragments
were then digested in 1640 medium supplemented with 10%
fetal bovine serum, collagenase type VIII (50 U/mL), and DNase
I (50 U/mL) at 37 �C for 60 min. After digestion, the remaining
tissue fragments were collected into a 15 mL tube, vortexed
vigorously for 30 s, and mechanically dissociated using
21-gauge syringes. The resulting cell suspension was filtered
through a 70 mm cell strainer. The obtained cell suspension was
centrifuged at 350 � g and 4 �C for 5 min. The supernatant was
discarded, and the cells were resuspended in single-cell buffer
(PBS supplemented with 10% fetal bovine serum) for single-cell
RNA sequencing. The single-cell suspensions were processed
using the Chromium Next GEM Single Cell 50 Kit v2
(10 � Genomics) following the manufacturer’s instructions. The
libraries were sequenced using the Illumina HiSeq X-Ten
sequencer.

2.12. Analysis of single-cell RNA-seq data

The sequencing data were processed using Cell Ranger software
(10 � Genomics). The reads were mapped to the mouse refer-
ence genome (mm10) using Cell Ranger v5.0.1. The resulting
preliminary count matrices were further analyzed using the R
package Seurat v4.1.1. Cells with unique molecular identifier
(UMI) counts ranging from 500 to 50,000 and detected genes
ranging from 200 to 6000 and cells that contained less than 25%

mitochondrial gene counts were retained. To identify potential
doublets, we used the Python packages Scrublet v0.2.3 and
DoubletDetection v4.2 with default parameters. Following
quality control, a total of 53,817 cells from the mouse model
samples finally remained. Normalization, log scale, dimension
reduction, and unsupervised clustering were performed using the
standard workflow in Seurat. After the initial round of unsu-
pervised clustering, major cell types were annotated including
epithelial cells, myeloid cells, T/NK cells, B/plasma cells,
endothelial cells, and stromal cells based on known canonical
cell markers. Subsequently, a total of 8787 epithelial cells were
subject to a second round of unsupervised clustering to identify
distinct cell subsets. To correct for batch effects, the Harmony
algorithm from the R package Harmony v1.0 was utilized. Cell
cluster-specific marker genes were identified using the
FindAllMarkers function in Seurat. Next, the expression levels
of Gcgr/Glp1r were compared between the two groups, and the
non-parametric Wilcoxon rank-sum test was used to obtain
P value for comparisons. The gene set (GO:0001837) was
downloaded from MSigDB, and the AddModuleScore function
in Seurat was used to calculate the EMT score. Pearson corre-
lation analysis was performed to assess the relationship between
normalized Gcgr/Glp1r expression and the EMT score in
epithelial cells.

2.13. Cell culture and treatment

Rat normal intestinal crypt epithelial cell line IEC-6 and human
colon cancer cell line SW480 were provided by Procell (Wuhan,
China). The IEC6 cells and SW480 cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
CA, USA) and leibovitz’s L-15 medium (Servicebio, Wuhan,
China), respectively, supplemented with 10% heat-inactivated
fetal calf serum and 1% penicillinestreptomycin. IEC6 cells
were incubated under 37 �C and 5% CO2 conditions, while
SW480 cells were incubated under 100% air (CO2-free) condi-
tions and cultured with 2 mmol L-glutamine (Servicebio, Wuhan,
China). When IEC6 cells reached 40% sub-confluency, the me-
dium was replaced with serum-free medium for at least 6 h before
adding 10 ng/mL TGFb1 (Novoprotein, Suzhou, China) for 3 or 7
days, and medium was changed every two days. The cells were
then harvested, and the expression of specified protein and RNA
was studied as indicated.

2.14. RNAi transfection

The lentivirus carrying shRNA for rat Glp-1r and Gcgr were
provided by ObiO (Shanghai, China). The stable cells with
knockdown of Glp1r or Gcgr were selected and amplified using
with a real-time dynamic live cell imaging high-content system
(IncuCyte ZOOM, Essen Bioscience, MI, USA). The clones were
verified by qRT-PCR and Western blotting. The stable IEC6-
shRNA Glp1r 1# and Gcgr 1# cells were selected. The interfer-
ence vector was pSLenti-U6-shRNA-CMV-EGFP-F2A-Puro-
WPRE. Corresponding plasmid information is listed in Supporting
Information Table S5.

The mutated H2B (K16R), H3.1 (K9R), and H4 (K5R) over-
expressing vector was developed using eukaryotic vector
pCDNA3.1-CMV-MCS-hGHpolya-EF1a-EGFP (ObiO, Shanghai,
China). Corresponding plasmid information is listed in the session
“Plasmid sequence of histone overexpression” of Supporting
Information (Materials).
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2.15. Seahorse XF real-time ATP rate assay

For the real-time ATP rate analysis, the indicated IEC6 cells were
plated onto the Seahorse XFe96 cell culture microplates (Agilent,
Palo Alto, CA, USA). Cells were treated with TGFb1 and/or
1907B for 7 days. The medium was then replaced with Seahorse
XF DMEM, pH 7.4 supplemented with 10 mmol glucose, 2 mmol
glutamine, and 1 mmol pyruvate and incubated in a non-CO2

incubator for 1 h at 37 �C prior to the start of the assay. After-
wards, basal levels of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were then recorded. ATP
production rate was measured using 1.5 mmol oligomycin and
0.5 mmol rotenone/antimycin A according to the manufacturer’s
instructions. OCR and ECAR data were normalized to the protein
content as assessed by BCA assay.

2.16. Lactate determination

Frozen human intestinal specimens, mice colon, and cultured cells
were homogenized with lysis buffer, and cell culture supernatant
were collected immediately. The concentrations of lactate were
measured using CheKine™ Lactate Assay Kit (Abbkine, Wuhan,
China) according to manufacturer’s instructions.

2.17. Fluorescent immunohistochemistry and
immunocytochemistry

After fixing, permeabilization and blocking, sections or cells were
incubated with primary antibodies overnight at 4 �C. Then, slides
were incubated with goat anti-mouse/rabbit IgG secondary anti-
bodies for 1 h. Coverslips were mounted with antifade mounting
medium (Solarbio, Beijing, China) and fluorescence was observed
under a fluorescence microscope (FV3000, Olympus, Tokyo,
Japan). The antibodies used are listed in Supporting Information
Table S6.

2.18. Histone exaction

The histones were extracted using the acid precipitation method34.
For nuclei extraction, cells were collected and resuspended in lysis
buffer containing protease inhibitors. Nuclei were then resus-
pended in 0.2 mol/L H2SO4 and extracted overnight at 4 �C fol-
lowed by centrifugation at 16,000 � g for 10 min at 4 �C. The
supernatant was collected, and the histone pellet was precipitated
with 35% trichloroacetic acid on ice. The histone pellet was
washed with acetone, dissolved in H2O, and subjected to protein
concentration measurement using the BCA assay (Thermo Fisher,
MA, USA) prepared for Western blotting analysis.

2.19. Measurement of lysine lactylation

For total protein, lysine lactylation levels were detected using
lactylation pan-antibody (PTM BIO, Hangzhou, China), and dis-
played by the uncropped gels. For histones, cells were collected
and then the histones were extracted using the acid precipitation
method34. Primary antibodies were used to detect the lysine lac-
tylation modification levels at specific sites of the histones. For
this experiment, a deacetylase inhibitor cocktail (Beyotime,
Shanghai, China) was added to all lysates. The antibodies used are
listed in Table S6.

2.20. Western botting

Tissues or cells were lysed in a lysis buffer and quantified by the
BCA method. Protein concentration in the supernatants was
determined with a protein assay kit. Total protein or histone was
separated by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis gel system and transferred to a 0.22 mm poly-
vinylidene fluoride membrane (Millipore Corp, MA, USA). The
blot was incubated overnight with primary antibodies at 4 �C.
Afterwards, corresponding peroxidase-conjugated affinipure anti-
goat anti-mouse or anti-rabbit IgG(HþL) antibody was added.
Blots were visualized using ECL reagent (New Cell & Molecular
Biotech, Suzhou, China) and scanned by a chemiluminescence-
detection apparatus (Clinx, Shanghai, China). The primary anti-
bodies are shown in Table S6.

2.21. qRT-PCR

RNA was extracted from human and C57BL/6J mice tissue or
cells following the manufacturer’s guidelines. Particularly, prior to
extraction, mouse intestinal RNA was purified using the lithium
chloride method due to the potent inhibition of qRT-PCR ampli-
fication of mRNA caused by DSS contamination. Then RNA was
reversed transcribed into cDNA using the reverse transcription kit
(Vazyme, Nanjing, China). The qRT-PCR analysis was performed
using a qPCR kit (Vazyme, Nanjing, China) on a real-time PCR
amplifier (Roche, Basel, Switzerland). Primer sequences are listed
in Supporting Information Tables S7eS9. Relative gene expres-
sion was determined as Eq. (1):

Change in expression (fold) Z 2�D(DCT) (1)

where DCT Z CT (target)�CT (housekeeping), and
D(DCT) Z DCT (treated)�DCT (control). The housekeeping
gene, b-actin was used as the control.

2.22. Chromatin immunoprecipitation (ChIP) assay

Native chromatin IP assays were performed as manufacturer’s
instructions (Active Motif, CA, USA). Briefly, cells were collected
in lysis buffer, then genomic DNA was sheared using enzyme to
lengths of approximately 100e600 bp. IP was performed using
anti-lactyl-lysine antibody (PTM-1419; PTM Biolabs, Hangzhou,
China) and protein G. Genomic DNA in the immunocomplexes
was purified using the phenol-chloroform method. Primer se-
quences to amplify the promoter regions of rat genes were listed in
Supporting Information Table S10.

2.23. Quantification and statistical analysis

The area with positively stained slices was quantified by Image-
Pro Plus, and the relative band density of Western blot was
analyzed by ImageJ. GraphPad Prism 9.0 software was used to
determine the statistical significance. Statistical significance was
calculated by Student’s t-test between two groups or one-way
ANOVA followed by Dunnett’s multiple comparisons test more
than two groups. Significance was considered when *P < 0.05 or
**P < 0.01.
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3. Results

3.1. Decreased expression of GCGR and GLP1R in the fibrotic
intestines of CD

In this study, a decrease in the mRNA and protein levels of
GCGR/GLP1R was first observed in the stenotic intestine of pa-
tients with CD (Fig. 1B and E) as well as in the fibrotic colon of
mice with chronic colitis (Fig. 1G and H, Supporting Information
Fig. S1A).

In situ hybridization analysis further found that GCGR and
GLP1R were widely expressed in the non-strictured sites of the CD
patients’ intestine (Fig. 1F), while their expression was down-
regulated in strictured ones, particularly in the human intestinal
epithelium (Fig. 1F). Therefore, it was speculated that the down-
regulation of GCGR and GLP1R could be associated with EMT, as
epithelial cells undergo EMT to promote intestinal fibrosis. Further
immunohistochemistry analysis revealed an upregulation of the
EMT marker Vimentin in the strictured sites (Fig. 1C and D),
contrary to the trend observed for GCGR and GLP1R.

Colon scRNA-seq of C57BL6J mice was performed to confirm
the relationship between GCGR/GLP1R expression and EMT.
Eleven distinct intestinal epithelial subclusters of mice (Fig. 1I,
Fig. S1B and S1C) were identified by scRNA-seq, revealing a
decrease in Gcgr/Glp1r expression in these cells (Fig. 1JeL).
Furthermore, scRNA-seq demonstrated a significant negative
correlation between EMT scores and the Gcgr/Glp1r expression
of the epithelial cells (Fig. 1K and L), which was in accordance
with the immunohistochemical staining of Vimentin in CD pa-
tients (Fig. 1C and D).

Collectively, the downregulation of GCGR/GLP1R in epithe-
lial cells, along with the negative correlation with EMT, suggests
that GCGR/GLP1R may be involved in fibrosis by influencing
EMT.

3.2. Knockdown of GCGR and GLP1R increases intestinal
glycolysis metabolites of lactate and aggravates intestinal fibrosis

Recombinant AAV9-mediated gene delivery to intestinal epithe-
lial cells provides a new strategy of gut transduction and allows
the study of intestinal diseases35. Our group has successfully
applied and consistently employed AAV9-mediated gene knock-
down strategies across multiple animal models23,36. According to
the previous study, AAV9, which provides relatively high effi-
ciency in gut transduction37, was selected to transfect mice with
AAV9-Glp1r-shRNA and AAV9-Gcgr-shRNA or AAV9-NC-
shRNA through tail vein injection. To determine intestinal
efficiency in vivo, preliminary experiment and the following qRT-
PCR assay were used to detect gene expression in colons
(Supporting Information Fig. S2AeS2C).

Firstly, we used the AAV9-mediated genetic approaches
combined with 2% DSS-induced chronic model to determine
whether the downregulation of GCGR and GLP1R affects the
phenotype of intestinal fibrosis (Fig. 2A). In the chronic model,
Masson staining revealed that Gcgr/Glp1r dual knockdown
worsened the degree of fibrosis in mice (Fig. 2B and C), as well as
COL1A1 immunohistochemical staining (Fig. S2F and S2G).
Colon length and HE staining were seen in Fig. S2D, S2E and
S2G. These findings further proved the significant role of
GLP1R and GCGR in intestinal fibrosis.

Due to their role as metabolism-related receptors, an energy
metabonomic analysis was undertaken on colon tissues of chronic

DSS-injured mice to explore the potential mechanism. The prin-
cipal component analysis was first carried out to detect intrinsic
clustering between groups (Fig. S2H). Overall, the results revealed
that after downregulation of GCGR and GLP1R, the significant
changes were observed in glycolysis-related metabolites (Fig. 2E),
with lactate exhibiting the most prominent alterations (Fig. 2F). In
particular, 26 compounds were significantly different between the
2% DSS-induced intestinal chronic colitis group and shNC group,
and divided into the following four classes, starting with the most
significantly different metabolite: glycolysis, pentose phosphate
pathway, the citric acid cycle (TCA), and oxidative phosphory-
lation (OXPHOS) (Fig. 2D). The metabolites were then quantified
in DSS-injured mice treated with AAV9-Gcgr-Glp1r shRNA.
Compared with the 2% DSS þ shNC group, 21 compounds were
classified as being from the pentose phosphate pathway, glycolysis
and TCA cycle (Fig. 2E). Glycolysis was the subject of focus
because of its maximum proportion in chronic colitis, and those
glycolytic metabolites for which the levels had also changed in
knockdown mice were marked with a light pink column (Fig. 2D
and E). Levels of these glycolysis metabolites, including glycerol-
3-phosphate, 3-phosphoglycerate, pyruvic acid, lactate (Fig. 2F)
and others (Fig. S2I) were also displayed. Of the several glycolytic
byproducts, lactate was found to change dramatically as a result of
Gcgr and Glp1r knockdown (Fig. 2F).

Lactate levels were notably higher in strictured sites compared
with non-strictured ones in the CD patients’ intestines (Fig. 2G),
hence suggesting a possible association between lactate concen-
trations and fibrosis. To verify the relationship between GCGR/
GLP1R expression and lactate, correlation analyses were con-
ducted in DSS-injured mice. Accordingly, the mRNA levels of
GLP1R and GCGR were found to be negatively correlated with
lactate level in the intestine (Fig. 2H). These results collectively
indicated that a deficiency in Glp1r and Gcgr could induce intes-
tinal fibrosis, with the underlying mechanism may involve meta-
bolism, especially the upregulation of glycolysis product lactate.

3.3. Lactate promotes EMT-mediated intestinal fibrosis in
epithelial cells

To ascertain whether the regulatory processes of GCGR and
GLP1R on lactate also exist at the cellular level, IEC6 cells were
used to establish an intestinal EMT cell model (Supporting
Information Fig. S3A). Consistent with the aforementioned
in vivo observations, the results from the cell model revealed that
during the EMT process, changes occurred in the expression of
metabolism-related genes (Supporting Information Figs. S3B,
S3E, S4A, S4B, and S4C), leading to an accelerated glycolytic
rate (Fig. 3A, Fig. S3C and S3D). This, in turn, contributed to the
production of lactate (Fig. 3C), as well as the change of
serineeglycine biosynthetic pathway and gluconeogenesis (Fig.
S3F, S3G, and S3H).

To investigate the impact of inhibiting glycolysis on EMT, we
utilized inhibitors to separately target glycolysis and lactate pro-
duction. 2-Deoxy-D-glucose (2DG), a glucose analogue, effec-
tively inhibited glycolysis (Fig. 3B), leading to a substantial
reduction in lactate levels (Fig. 3C) as well as the expression of
fibrotic genes and proteins (Fig. 3D and Fig. S4D). The GSEA-
KEGG plot between TGFb1þ2DG group and TGFb1 group
showed changes in metabolism-related genes, particularly in
glycolysis-associated genes which displayed the largest number of
genes being downregulated following 2DG treatment (Fig. 3E and
Fig. S4B).
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Figure 2 GCGR and GLP1R downregulation regulates metabolic reprogramming in intestinal fibrosis. (A) Schematic experimental workflow

of in vivo DSS-induced chronic colitis and AAV9-mediated Gcgr and Glp1r knockdown. (B) Representative images of Masson staining (n Z 6).

(C) Semiquantitative image analysis of Masson staining (n Z 6). The data is presented as mean � SEM. (D) Energy metabonomic analysis was

conducted on colon tissue between the 2%DSS þ shNC group and shNC group (n Z 6). (E) Energy metabonomic analysis was conducted on

colon tissue between the 2% DSS þ AAV9-Glp1r-Gcgr group and the 2%DSS þ shNC group (n Z 6). (F) The levels of typical differential

glycolytic metabolites in each group (n Z 6). The data are presented using violin plot. (G) The levels of lactate (n Z 10 patients) in the intestine

from CD patients at the normal site (CD-NS), stenosis site (CD-S). The data is presented as symbol and lines. (H) Correlation between GCGR/

GLP-1R expression and lactate level on colon tissue from chronically DSS-injured mice (n Z 12). **P < 0.01 vs as indicated.
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Additionally, sodium dichloroacetate (DCA) and oxamate were
employed as the previous study to inhibit lactate production by
modulating pyruvate dehydrogenase and lactate dehydrogenase
(LDH) activities, respectively38,39. These compounds yielded re-
sults similar to 2DG, with DCA and oxamate causing a more
pronounced reduction in fibrotic genes and proteins (Fig. 3F and
Fig. S4F), leading to an increased lactate production (Fig. S4E). In
contrast, using rotenone, a mitochondrial respiratory chain com-
plex I inhibitor that drives glycolysis, increased the expression of
fibrotic genes (Fig. S4F). Similar effects on fibrotic gene expres-
sion were observed in human adenocarcinoma colorectal cancer
cell line SW480 (Fig. S4G). Therefore, it was concluded that

downregulation of glycolysis and its product lactate improved
intestinal EMT, while elevated lactate levels exacerbated the EMT
process in vitro.

Lenti-shGlp1r or Gcgr-infected epithelial cells were used to
knockdown Glp1r or Gcgr (Supporting Information Fig. S5).
Within the resulting stable knockdown cells, a further upregula-
tion of the glycolytic genes and lactate level were triggered by
TGFb1 (Fig. 3G and H), indicating that lactate production was
further improved by Gcgr or Glp1r knockdown in vitro. Overall,
these findings demonstrated that the downregulation of GCGR and
GLP1R led to lactate accumulation, thereby exacerbating intesti-
nal fibrosis.

Figure 3 Lactate as glycolysis product promotes EMT in intestinal epithelial cells. (A) The relative ATP production rate was calculated in IEC6

cells stimulated or not with TGFb1 (10 ng/mL) for 7 days (nZ 12). The proportion of oxidative phosphorylation and glycolysis adds up to 100%.

(B) GSEA-KEGG gene set enrichment analysis of microarray gene expression data (n Z 7e8). (C) The influence of the glycolysis inhibitor 2DG

(1 mmol/L) on TGFb1-mediated extracellular lactate production (n Z 6). The data are presented using violin plot. (D) The influence of 2DG on

TGFb1-mediated fibrosis-related protein expression (n Z 3). (E) The enrichment plot of GSEA-KEGG shows the gene changes in metabolic-

related datasets (n Z 7e8). TGFb1 vs. 2DG group. (F) The influence of oxamate (20 mmol/L), DCA (20 mmol/L), or rotenone (10 nmol/L)

on Vimentin and aSMA protein expression (n Z 6). (G) The effect of Lenti-shGlp1r or Gcgr on TGFb1-mediated glycolysis-related genes

(n Z 6). (H) The effect of Lenti-shGlp1r or Gcgr on extracellular lactate production in IEC6 cells stimulating with TGFb1 for 1, 3, or 7 days

(n Z 6). The data are presented using violin plot. Unless otherwise specified, the data are presented as the mean � SEM. *P < 0.05, **P < 0.01

vs as indicated.
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3.4. Lactate induced EMT-associated transcription though the
regulation of H3K9 lactylation

Lactylation, a novel epigenetic modification occurring at the
lysine residues of histones, is associated with transcriptional
activation40. Given that lactate promoted the expression of the
profibrotic mediators in intestinal epithelial cells, it was hypoth-
esized that this effect was achieved through lactate-induced his-
tone lactylation at the promoter regions of these profibrotic genes.
Indeed, an increase of Pan-lysine lactylation (Pan Kla) was first
confirmed in whole cell lysates as well as acid-extracted histones
following endogenous and exogenous lactate induction (Fig. 4A,
B and D). A considerable increase in lysine lactylation was
observed in histones despite the use of pan anti-lactyl-lysine
antibodies (Fig. 4C). Accordingly, qRT-PCR analysis showed
significantly elevated expression of fibrotic genes after lactate
stimulation (Fig. 4E), confirming that lactate induced histone
lactylation and promoted profibrotic mediators.

Finally, the lactylation sites on histones were verified using
antibodies against diverse forms of histone lactylation. Exogenous
lactate induced overwhelming lactylation modifications in
H2BK16la, H3K9la, H3K18la, H4K5la and H4K12la (Fig. 4F).
Meanwhile TGFb1-induced endogenous lactate upregulation
resulted in lactylation of H2BK16la, H3K9la and H4K5la
(Fig. 4G). Subsequently, mutants H2B (K16R), H3 (K9R), and H4
(K5R) were generated to introduce site-specific mutations to block
lactylation for comparison with wild type (H2B, H3, H4) (Fig. 4H).
Remarkably, cells overexpressing H3.1 (K9R) exhibited lower
levels of fibrotic genes and proteins after treatment with lactate
compared with the H3.1 WT group (Fig. 4I and J). However,
overexpression of H2B (K16R) or H4 (K5R) did not display sig-
nificant differences compared to the wild types after treatment with
lactate (Fig. 4I and J).

To identify candidate genes regulated by histone lactylation,
ChIP analysis was then performed. qChIP analysis demonstrated
elevated H3K9la levels on Vimentin and Tgfb promoters in intes-
tinal epithelial cells, hinting at the potential functional significance
of histone lactylation in EMT (Fig. 4K). A key acetyltransferase,
p300, has been reported in histone lactylation process11. However,
we found that the H3K9 lactylation exhibits a partial dependence
on p300 (data not shown), implying the possible involvement of
other transferases in mediating lactylation.

Taken together, lactate promotes the expression of profibrotic
genes through H3K9 lactylation at their promoters, shedding light
on the role of lactylation in intestinal fibrosis (Fig. 4L).

3.5. Simultaneous activation of GCGR and GLP1R ameliorates
intestinal fibrosis by inhibiting glycolysis-driven histone
lactylation in vitro

Downregulation of GCGR and GLP1R seemed to induce meta-
bolic reprogramming, while the glycolysis product lactate was
shown to regulate profibrotic transcription. A range of GCGR/
GLP1R dual-target ultralong-acting peptides were synthesized,
and their agonistic activities were assessed in HEK293 cells that
stably expressed either human GLP1R or GCGR, using a cAMP
response element-driven luciferase reporter (Table S1). The anti-
fibrotic effects of these peptides were evaluated in a cell model,
and identified the optimal peptide which was named 1907B
(Supporting Information Fig. S6A and S6B).

To assess the effects of 1907B, the lead GLP1R/GCGR dual
agonist peptide, on epithelial cells, a fluorescent molecule called

fluorescein (FITC) was first synthesized and then attached to
1907B to track the localization. The structure diagram was dis-
played by Chimera (Fig. 5A), and the addition of FITC did not
affect the agonistic activity of 1907B towards targets (Fig. 5B).
After 24 h of incubation, 1907B-FITC was observed in the cell
membrane (Fig. 5E), consistent with the positioning of G-protein
coupled receptors.

In TGFb1-induced epithelial cells, exposure to 1907B signifi-
cantly decreased the expression of profibrotic factors (Fig. 5C, D,
G and H), while in Lenti-shGlp1r or Gcgr-infected cells, the effect
was absent (Fig. S6C), implying that the activation of GLP1R and
GCGR effectively inhibited the TGFb1-driven EMT process
in vitro.

Given the enhanced pro-fibrotic metabolic reprogramming
in vitro, the effects of 1907B on the expression of glycolytic genes
were subsequently explored. 1907B counteracted the stimulatory
effects of TGFb1 on these genes (Fig. 5K and L). 1907B also reduced
the expression of enzymes within the serineeglycine biosynthetic
pathway (Fig. S6E). Interestingly, the expression of the rate-limiting
gluconeogenic enzymesPepck,Fbp1 andG6pc, which was repressed
during fibrotic activation and inhibited by TGFb1, was restored after
1907B treatment (Fig. S6D). Comparable effects on fibrotic gene
expression and metabolic reprogramming were observed in
SW480 cells treated with 1907B (Fig. S6F and S6G).

To confirm the effects of 1907B on glycolysis, seahorse XF
analysis was performed, revealing that 1907B normalized the ATP
production rate of glycolysis (Fig. 5F and I). Moreover, as a
profibrotic mediator and glycolysis metabolite, extracellular
lactate was significantly reduced in 1907B-treated epithelial cells
(Fig. 5J). Additionally, 1907B inhibited the lactylation levels of
promoters related to fibrosis genes (Fig. 5N) and ameliorated the
predominant H3K9la induced by rotenone (Fig. 5M). Further, in
the TGFb1-induced cell model, 1907B significantly upregulated
E-cadherin and downregulated Vimentin, aSMA, and H3K9la
protein levels. However, with increasing doses of rotenone (lactate
production inducer), the effect of 1907B decreased until it was
completely abolished. This indicates that the action of 1907B
depends on lactate, and upon reaching elevated lactate levels
beyond the capacity of 1907B, its effects are diminished
(Fig. S6H). Taken together, in vitro targeting of GCGR and
GLP1R with 1907B during TGFb1-driven metabolic reprogram-
ming and EMT has antifibrotic potential in intestinal fibrosis.

3.6. GCGR/GLP1R dual-target peptide 1907B inhibits intestinal
fibrosis in vivo

The antifibrotic potential of 1907B was examined in DSS and
TNBS-induced chronic experimental colitis. In the DSS-induced
model, 1907B treatment was initiated after the presence of sub-
stantial fibrotic tissues following two cycles of “2% DSS-water”
which was repeated for three weeks. Given that reversing an
established fibrosis can be challenging, a group treated with a high
dose of 1907B at 240 mg/kg every other day was included.
Treatment with 1907B also significantly reduced fecal blood scores
(Supporting Information Fig. S7A), diarrhoea score (Fig. S7A),
increased colonic length (Fig. 6A and B) as well as inflammation
damage (Fig. 6F and Fig. S7C). More importantly, Masson and
immunohistochemical staining for collagen confirmed the role of
1907B in reversing fibrosis not only in DSS (Fig. 6C and F) but
also TNBS-induced colitis-associated colonic fibrosis model (Fig.
S7D and S7E). Notably, treatment with 1907B significantly
attenuated fibrosis-related and glycolysis-related genes or protein
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Figure 4 Lactate regulates EMT-related transcription through histone lactylation. (A, B) Representative Western blot images in whole cell

lysates (n Z 3) and immunofluorescent staining of lactyl-lysine (n Z 3). IEC6 cells were treated with or without lactate (10 mmol/L) for 72 h, or

treated with or without TGFb1 (10 ng/mL) for 7 days. WCL Z whole cell lysates. (C) Representative immunofluorescent staining is shown,

demonstrating the co-localization of lactyl-lysine, histone 3 and DAPI (nZ 3). (D) Representative Western blot images in HCl-extracted histones

(nZ 3). (E) The influence of lactate on fibrosis-related gene expression in IEC6 cells (nZ 6). The data is presented as min to max using box plot.

(F, G) Representative Western blot images of site-specific histone lactylation stimulated by lactate or TGFb1 (n Z 3). (H) Western blot images of
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expression (Fig. 6D, E and K, Fig. S7B). GSEA analysis of the GO
dataset confirmed the downregulation of genes related to fibrosis
(Fig. 6H) and glycolysis (Fig. 6I) due to 1907B treatment, as
evidenced by reduced gene expression in various categories.
Additionally, the lactate level (Fig. 6J) and H3K9la expression
(Fig. 6L) of intestine were ameliorated by 1907B. Immunofluo-
rescence staining verified the upregulation of GCGR and GLP1R
protein in vivo by 1907B (Fig. 6G). These findings further proved
that co-activating GLP1R and GCGR can effectively inhibit
intestinal fibrosis in vivo (Fig. 7).

4. Discussion

Accumulating evidence indicates the involvement of lactate in
histone modifications within organ fibrosis, including lung and
liver fibrosis41-43. This study introduces a novel perspective,
highlighting dysregulated GCGR/GLP1R expression in intestinal
fibrosis as a key driver of lactate accumulation and histone lacty-
lation. This, in turn, promotes the process of EMT, a pivotal driver
in fibrosis which is also implicated in the pathogenesis of various
fibrotic diseases44,45. The groundbreaking peptide 1907B, designed
to activate both GCGR and GLP1R, emerges as a promising
candidate for mitigating intestinal fibrosis by effectively lowering
lactate levels and H3K9 lactylation. Consequently, this research not
only unveils fresh insights into the mechanisms underlying intes-
tinal fibrosis but also underscores the potential of targeting the
GCGR/GLP1Relactate axis as a viable therapeutic approach.

In this study, the downregulation of GCGR and GLP1R in the
fibrotic intestine of both human and mouse was confirmed before
reporting the concomitant changes in energy metabolism. The
reason for the downregulation of GCGR and GLP1R in intestinal
fibrosis is complex. Apart from typical symptoms due to extensive
intestinal inflammation, patients with IBD also suffer from
malnutrition and metabolic disorders46. The downregulation of
GCGR and GLP1R may be a response to altered nutrient avail-
ability, as these receptors are involved in regulating glycolipid and
amino acid metabolism47. Regardless of the underlying reasons,
the observed decrease in GCGR and GLP1R expression in intes-
tinal fibrosis suggests a potential protective role for these
receptors. The reduced expression of these proteins led to elevated
levels of various metabolites, classified into OXPHOS, pentose
phosphate pathway, glycolysis and TCA. Within these pathways,
glycolysis was found to involve the maximum proportion of genes
in intestinal fibrosis and the process was further increased after
Gcgr and Glp1r knockdown. Among the several glycolytic
byproducts, lactate content changed dramatically. The levels of
glycerol-3-phosphate, 3-phosphoglycerate and pyruvic acid were
also elevated, albeit to a lesser extent. While the focus of this
study was on the GCGR/GLP1Relactate axis, other metabolites
such as pyruvic acid deserve further attention as intermediate
metabolites of the TCA cycle, gluconeogenesis, fatty acid syn-
thesis, acetone cycle and ketone body production48-50.

TGFb1 is a potent inducer of EMT, frequently employed to
activate of EMT in vitro51. To assess fibrotic and reprogramming
changes during EMT, three time points (1 day/3 days/7 days) were

selected for observation. The findings revealed that Gcgr and
Glp1r mRNA were downregulated following 3 days of TGFb1
stimulation, accompanied by increased extracellular lactate pro-
duction. These results were, in fact, consistent with previous
observations in CD patients and DSS-induced mice. Lactate, a
product of glycolysis and a substrate for mitochondrial respiration,
is an essential metabolic link between glycolytic and aerobic
pathways in mammalian systems52. To elucidate the causes of
elevated lactate, OCR and ECAR were measured to compare the
rates of glycolysis and aerobic pathways before evaluating the
expression of glycolytic genes. The results suggested that
glycolysis was the preferred energy source adopted by epithelial
cells with fibroblast-like characteristics, as reflected in the higher
expression of glycolytic genes and ECAR. The expression of
glycolytic genes, including Hk1, Pfkfb3, Aldoa, Pgk-1, Pkm2, and
Ldha in IEC6 cells, increased after 3 days and was further elevated
after TGFb1 stimulation for 7 days, resulting in lactate accumu-
lation. Inhibiting glycolysis with 2DG significantly reduced
extracellular lactate production, underscoring the substantial
contribution of heightened glycolysis to lactate buildup.

Given that a decrease in GCGR and GLP1R was followed by
elevated glycolysis and lactate production in the EMT cell model,
co-activation these receptors could be a potential strategy to
impede the process. Interestingly, a series of GCGR/GLP1R dual-
target peptides were synthesized and evaluated in the cell model,
with the optimal one named 1907B (>95% purity, Supporting
Information Figs. S8 and S9). These series of peptides showed
different activities towards GCGR and GLP1R, and an appropriate
agonist ratio would be critical for their regulation of OXPHOS and
glycolysis to induce their antifibrotic activity. For instance, it was
noted that an agonist with an EC50 around 100 pmol/L for GLP1R
and around 50 nmol/L for GCGR demonstrated enhanced thera-
peutic effects on intestinal fibrosis. However, the other dual-target
peptides, named TB001 (EC50 of GLP1R Z 0.04 nmol/L, EC50 of
GCGR Z 0.01 nmol/L, selectivity ratio of GCGR:
GLP1R Z 9.70), demonstrated therapeutic efficacy against hepatic
fibrosis, but it did not show therapeutic effects in chronic
colitis-associated intestinal fibrosis23. As mentioned by a highly
insightful study, there remains uncertainty regarding the optimal
activation of each receptor to achieve maximum benefit. We
completely agree that a balance must be struck in the activation
activity of GLP1R/GCGR dual agonists on both receptors,
enhancing efficacy while mitigating corresponding toxic side
effects. Starting from cryo-EM structures, Li et al.53 elucidated the
reasons for the different affinity of three peptides to the two targets.
They identified key sequences, sites, and other factors influencing
the peptide’s activity on GLP1R/GCGR, with a focus on
structureeactivity relationship studies. What sets it apart is that we
focused on the application of different activation ratios in fibrotic
diseases, emphasizing the exploration from affinity to specific
biological functions, thereby introducing novelty to our research.
Hence, our study provides a novel contribution to the field of IBD
and the application of GLP1R/GCGR.

In this study, 1907B could significantly increase GCGR and
GLP1R protein and mRNA levels, thereby reducing expression of

site-specific histone lactylation protein in IEC6 cells after overexpression shRNAs transfection (n Z 3). (I, J) The influence of histone site

mutation on fibrosis-related gene (nZ 6) or protein (nZ 3) expression with lactate treatment. The data is presented as min to max using box plot.

(K) Analysis of histone lactylation (H3K9la) levels by qChIP assay in the promoter regions of indicated genes in IEC6 cells treated with or

without lactate (n Z 4). The data is presented as the mean � SEM. (L) A schematic diagram illustrates the relationship between histone lac-

tylation and transcriptional regulation of EMT. *P < 0.05, **P < 0.01 vs as indicated. n.s. Z not significant.
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Figure 5 Dual activiating GCGR and GLP1R inhibits TGFb1-driven metabolic reprogramming and EMT in vitro. (A) Design of dual agonist

peptide 1907B and 1907B-FITC. C18ZC18 fatty acid, FITC Z fluorescein. (B) GCGR/GLP1R-mediated cAMP synthesis by 1907B and 1907B-

FITC (n Z 3). (C) The influence of 1907B on TGFb1-mediated fibrosis-related protein expression (n Z 3). IEC6 cells were stimulated with

TGFb1 (10 ng/mL) and treated with 1907B for 7 days. (D) The influence of 1907B on E-cadherin and Vimentin gene expression in IEC6 cells

(nZ 4). The data is presented as the mean � SEM. (E) Representative fluorescent images of the co-localization of 1907B-FITC and membrane in

IEC6 cells after incubation with 1907B-FITC for 24 h (n Z 3). (F) Extracellular acidification rate (n Z 9). Data are presented as the

mean � SEM. (G, H) Representative immunofluorescent staining of E-cadherin and Vimentin (n Z 3). (I) The influence of 1907B on the

glycoATP production rate from glycolysis (n Z 9). Data are presented using violin plot. (J) The influence of 1907B on TGFb1-mediated lactate

production (n Z 6). Data are presented using violin plot. (K, L) The influence of 1907B on the glycolysis gene expression and the abolishing

effect of Lenti-shGlp1r or Gcgr (nZ 6). Data are presented as min to max using box plot. (M) Representative Western blot images of site-specific

histone lactylation treated with 1907B (n Z 3). (N) The influence of 1907B on histone lactylation (H3K9la) levels by qChIP assay (n Z 6). Data

are presented as min to max using box plot. *P < 0.05, **P < 0.01 vs as indicated. n.s. Z not significant.
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glycolytic enzymes and lactate. However, it remains unclear how
the downstream molecule lactate, as a byproduct of glycolysis,
affects intestinal fibrosis. In keloid skin fibroblasts, lactate pro-
duction is higher by 50% compared with normal skin fibroblasts,
linked with lactate dehydrogenase upregulation54. Similar

increases in lactate production have been observed in a mouse
model of renal interstitial fibrosis where transcription of hexoki-
nase and pyruvate kinase was higher55. The current study confirms
that lactate production promotes intestinal fibrosis, as evidenced
by the downregulation of fibrotic genes with DCA or oxamate

Figure 6 GCGR/GLP1R dual-target peptide 1907B inhibits intestinal fibrosis in vivo. (A, B) Gross morphology of the colon and colon length

from the recipient mice (n Z 10). (C) Semiquantitative image analyses of Masson staining (n Z 10) and immunohistochemical staining for

COL1A1 (n Z 10). (D, E) Representative Western blot images and semiquantitative analysis of fibrosis protein are shown (n Z 10). (F)

Representative images of Masson staining, HE staining and immunohistochemical staining for COL1A1 (n Z 10). (G) Representative immu-

nofluorescent images of GCGR and GLP1R protein expression (n Z 10). (H) GSEA-GO by RNA-sequencing reveals that extracellular-related

genes are attenuated after 1907B treatment (n Z 3 mice per group). (I) GSEA-Reactome by RNA-sequencing shows that glycolysis pathway

genes are attenuated after 1907B treatment (n Z 3 mice per group). (J) The influence of 1907B on lactate production in intestine (n Z 10). Data

are presented using violin plot. (K) The influence of 1907B on the glycolysis gene expression in intestine (n Z 10). (L) Representative Western

blot images of site-specific H3K9la (n Z 10). Unless otherwise specified, Data are presented as the mean � SEM. *P < 0.05, **P < 0.01 vs as

indicated.
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(lactate production inhibitors56,57), as well as the upregulation of
these genes with rotenone (lactate production inducer58).
Recently, Zhang et al.11 reported a novel function of glycolysis-
derived lactate in macrophages where it is utilized to modify
nuclear histones by adding lactyl groups to their lysine residues.
This process may explain the profibrotic effect of lactate. Simi-
larly, this study revealed that lactate could induce H3K9 lactyla-
tion in the promoter regions of Vimentin and Tgfb1, while
decreasing lactylation of E-cadherin. These results suggested that
H3K9 lactylation can directly promote or inhibit gene transcrip-
tion under the above conditions. Indeed, this study demonstrated
that epithelial cells with fibroblast characteristics exhibit upregu-
lated Vimentin and Tgfb1 expression through epigenetic mecha-
nisms involving increased promoter region lactylation, which was
countered by 1907B. The current findings align with prior studies
that have highlighted the significance of epigenetic changes in
regulating the expression of fibrotic genes. Although the function
of lactate and histone lactylation in fibrosis is yet to be fully
explored, this work offers novel evidence supporting their
contribution in this mechanism.

It was observed that using 1907B to pharmacologically target
GCGR and GLP1R successfully mitigated the pro-fibrotic
responses and metabolic reprogramming associated with DSS-
induced mouse chronic colitis. This promising outcome indi-
cating that targeting these receptors could be an effective
treatment for intestinal fibrosis. Additionally, the safety of
1907B in humans is currently being verified via a phase I clin-
ical trial (approved No. 2022LP01773). However, additional
research is required to determine the effectiveness of this peptide

in humans and to establish the optimal dosage and treatment
plan.

In this study, lactate accumulation and histone H3K9 lactyla-
tion were considered the detrimental factor in colitis-associated
colonic fibrosis, while Wang et al.59 suggested that dietary lactate
supplementation alleviated acute colitis in an acute colitis model
of pig. Indeed, the tissue microenvironment of acute colitis differs
from that of chronic colitis, in terms of both inflammatory and
metabolic environments. Lactate may exert varying effects
depending on tissue microenvironment, cell type, and metabolic
status. For example, lactate exhibits both pro-inflammatory and
anti-inflammatory effects: Comito et al.60 suggested that lactate
promoted the generation and function of regulatory T cells,
exerting anti-inflammatory effects; while Quiroga et al.61 observed
that lactate induced pro-inflammatory genes and metabolic genes
in a phosphatidylinositol 3-kinase/protein kinase B-dependent
manner, as well as in a HIF-1/NF-kB-dependent manner. Addi-
tionally, in chronic diseases, Fan et al.62 indicated that lactate
promoted hypoxia-induced endothelial-to-mesenchymal transition
and activate the TGF-b/Smad2 signaling pathway, leading to
increased cardiac fibrosis, while did not affect the phosphorylation
of Smad3 following normoxic or hypoxic challenge. In our
observation, lactate treatment did not alter the phosphorylation of
either Smad2 or Smad3. Therefore, the role of lactate in diseases
is complex, and further research is needed to address this issue.
We will continue to query and follow the literature in this area to
address this question in the future.

Previous studies have shown that GCGR and GLP1R can
impede fibrosis in the liver22. However, this study stands out as the

Figure 7 Schematic illustration of the research. GCGR/GLP1Relactate axis regulates H3K9 lactylation to activate transcription of fibrosis

genes in epithelial cells. Cotargeting GCGR/GLP1R shows potential in the treatment of intestinal fibrosis (EPC, epithelial cells).
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first one to uncover the crucial role of the GCGR/GLP1Relactate
axis in intestinal fibrosis, and to identify histone lactylation as a
mechanism underlying lactate-induced profibrotic gene expres-
sion. Lactylation modification was recently discovered in macro-
phages, so the research on lactylation in the perspective of
epithelial cells, as a type of stromal cell, is highly novel. These
findings have several implications for the diagnosis and treatment
of intestinal fibrosis. First, it highlights the significance of the
GCGR/GLP1Relactate axis in the pathogenesis of this disease,
suggesting that targeting these receptors could be an effective
therapeutic strategy. Secondly, it identifies histone lactylation as a
potential target for intervention in fibrosis. Finally, this research
provides fresh insights into the mechanisms of EMT and fibrosis,
highlighting lactate as a potential biomarker for fibrotic disorders.
Of course, limitations exist, such as the gene knockout mice with
intestinal epithelial cell specificity, which implies better specificity
than AAV9 but entails higher costs and potential risks of mouse
mortality.

5. Conclusions

This study uncovers, for the first time, the GCGR/GLP1Relactate
axis as a feasible and promising mechanism for intestinal fibrosis,
in which the regulation of H3K9 lactylation activates transcription
of fibrosis genes. Simultaneously activating GCGR/GLP1R
therefore might have great potential in treating patients with
intestinal fibrosis.
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