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ABSTRACT: Inflammatory bowel disease (IBD), which encompasses
Crohn’s disease and ulcerative colitis, has a complicated etiology that
might be brought on by metabolic dysbiosis. Previous metabonomic
studies have found a correlation between decreased azelaic acid (AzA)
and IBD. Herein, data from the Metabolomics Workbench showed
that the content of AzA decreased in IBD patients (PR000639) and
dextran sulfate sodium (DSS)-induced mice (PR000837). The effects
of AzA on IBD were then examined using a DSS-induced mouse
model, and the results demonstrated that AzA alleviated clinical
activity, decreased pro-inflammatory cytokine production, and reduced
CD4+CD25+Foxp3+Treg percentages in mesenteric lymph nodes.
Through network pharmacology analysis, we discovered 99 candidate
IBD-associated genes that are potentially regulated by AzA. After the
enrichment analysis of the candidate genes, the renin−angiotensin system (RAS) pathway was one of the most substantially enriched
pathways. Additionally, AzA reversed the increased expression of important RAS components (ACE, ACE2, and MAS1L) following
DSS induction, suggesting that AzA exerts therapeutic effects possibly via the RAS pathway. This study suggests that AzA may be a
promising drug for treating IBD.

1. INTRODUCTION
Inflammatory bowel disease (IBD), which consists of Crohn’s
disease (CD) and ulcerative colitis (UC), is a long-lasting,
recurring, and idiopathic condition marked by intestinal
epithelium injury and intestinal homeostasis dysregulation.1,2

This chronic, uncontrolled inflammation can result in life-
threatening side effects such as fibrotic stenosis, intestinal
fistulas, and intestinal tumors.1,3 According to epidemiological
research, the prevalence and incidence of IBD are rising
globally.4,5 The detailed cause of IBD, however, remains largely
unclear, making its diagnosis and treatment difficult.

Accumulating evidence suggests that the intestinal metab-
olite disorder is associated with the pathogenesis of IBD.6

Intestinal metabolites are crucial for the healthy development
of the intestinal immune system and intestinal homeostasis.6,7

For example, short-, medium-, and long-chain fatty acids can
affect host metabolism and intestinal mucosal immune
function, thereby regulating IBD.8−10

Several studies have found that azelaic acid (AzA) is reduced
in the systems of individuals with IBD.11,12 Among the fecal
differential metabolites of pediatric CD, AzA was substantially
linked with the disease severity and responsiveness to
infliximab treatment in pediatric CD compared to controls.12

AzA is an aliphatic dicarboxylic acid that occurs naturally in

plants, including cereal grains like wheat, rye, and barley.13,14

The Malassezia genus is also capable of producing and
secreting AzA.14 Furthermore, under ketogenic conditions of
hunger and diabetes mellitus, AzA can be produced
endogenously via hepatic oxidation using linoleic acid as a
precursor.14 Currently, AzA has been widely utilized as a
topical treatment for skin conditions such as acne and rosacea
because of its antibacterial, antioxidant, and anti-inflammatory
effects.15−18 AzA has also demonstrated anticancer effects on a
variety of tumors, including acute myeloid leukemia,
lymphoma, and malignant melanoma.19−21 Besides, AzA has
been reported to be a ligand of ectopic olfactory receptor 544
(Olfr544) in mice, while activation of Olfr544 encourages
glucagon-like peptide-1 (GLP-1) production and controls
intestinal inflammation.22 However, its role in IBD has not
been established. We analyzed the metabolites from the
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Metabolomics Workbench and found that AzA levels in the
feces of dextran sulfate sodium (DSS)-induced mice and IBD
patients are dramatically decreased. Experimental data suggests
that AzA could alleviate DSS-induced colitis.

The network pharmacology analysis is used to further
investigate how AzA affects IBD. Network pharmacology is a
new subject based on the theory of systems biology, which
offers deeper insights into the molecular mechanisms under-
lying drug actions. It is particularly well suited for the study of
complex diseases affecting multiple organs, such as IBD.23

Results show that the renin−angiotensin system (RAS)
pathway is one of the most significantly enriched pathways
affected by AzA. Nevertheless, whether AzA can regulate the
RAS pathway has not been reported. The RAS is a complicated
system involving various angiotensin peptides mediated by
angiotensin converting enzyme (ACE) homologues, which act
on various receptors.24 The classical RAS pathway produces
pro-inflammatory and profibrotic effects mainly via ACE and
angiotensin II (Ang II), whereas the alternative RAS pathway,

primarily through ACE2 and Ang (1−7), is in contrast with the
role of the classical RAS pathway. The balance of these RAS
components may play a critical role in the pathophysiology of
IBD.24

In this paper, the possible mechanism of AzA in treating IBD
has been explored based on network pharmacology and animal
experiments. Our results suggest that AzA is a potential therapy
for IBD.

2. RESULTS
2.1. AzA Is Reduced in IBD Patients and DSS-Induced

Mice and Attenuates the Symptoms of DSS-Induced
Mice. We analyzed metabolic data from the Metabolomics
Workbench and found that AzA levels were considerably lower
in the feces of IBD patients and mice induced by DSS (Figure
1A,B).

The signs of DSS-induced mouse colitis, which resembles
IBD in humans and includes body weight loss, diarrhea, and
bloody stools, are depicted in Figure 1C−F. To define the

Figure 1. AzA supplementation aids in the prevention of colitis. (A) AzA relative abundance distributions in IBD patients’ feces, expressed as a ratio
to the mean relative abundance in individuals without IBD (***P < 0.001). (B) AzA concentration in mouse feces (*P < 0.05). (C) Changes in
daily body weight from days 1 to 7. (D) DAI score. (E) Macrophotographs of colon tissues. (F) Colon’s length (*P < 0.05 and ***P < 0.001). (B−
F) Data is presented as the mean ± SEM (n = 6). Statistical analysis was performed with Student’s t-test (A,B) or one-way ANOVA followed by the
LSD test (C, D, F). (C,D) ###P < 0.001 vs the water + 0.9% NaCl group; *P < 0.05; and ***P < 0.001 vs the DSS + 0.9% NaCl group.
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appropriate treatment dosages, we referred to previous studies
on mice given oral AzA.25,26 Preliminary tests with three
separate doses of AzA revealed that AzA-treated mice at a dose
of 150 mg/kg had considerably alleviated symptoms of DSS-
induced colitis, including the weight loss, disease activity index
(DAI), and colonic shortening (Figure S1). Thus, AzA at 150
mg/kg was used for all subsequent experiments. In addition,
control mice exposed to AzA had no discernible side effects on
their body weight, DAI score, or colon length (Figure 1C−F).
The colon length of the DSS + AzA group differed from that of
the AzA-exposed control mice (Figure 1E,F). These findings
imply that AzA therapy offers significant protection against
experimental colitis brought on by DSS.
2.2. AzA Inhibits Colon Tissue Pathological Injury.

Mice from different groups were tested for colonic pathological
alterations using Hematoxylin−Eosin (H&E) and Masson
staining. As shown in Figure 2A, in the colon of DSS-induced
mice, H&E staining demonstrated inflammatory cell infiltra-
tion, epithelial cell loss, and submucosal edema compared to
the control group, leading to a higher microscopic score
(Figure 2B). Meanwhile, Masson staining showed that the DSS
group had more collagen deposited in the colon’s mucosa and

submucosa (Figure 2C). AzA therapy groups were shown to
effectively repair the crypt architectural epithelia, relieve severe
histologic inflammation, and decrease collagen deposition. The
results of quantitative Masson staining analysis revealed that
the region of collagen deposition was substantially reduced in
the colon of AzA group mice compared to DSS mice (Figure
2D). These findings showed that AzA might greatly alleviate
the colon’s pathological damage in DSS-induced mice.
2.3. AzA’s Impact on the Immune-Inflammation

Status in DSS-Induced Colitis Mice. Pro-inflammatory
cytokines are linked to the development of IBD in humans and
are elevated in colitis brought on by DSS.27,28 AzA dramatically
downregulated the gene expression levels of main inflamma-
tory cytokines, such as IL-1β, IL-6, TNF-α, IL-17A, and IL-22,
which were elevated in the DSS model group (Figure 3A−E).
The level of IL-6 in serum increased significantly after DSS
induction but decreased after AzA treatment (Figure 3F).

Neutrophil infiltration was measured using myeloperoxidase
(MPO) activity. As shown in Figure 3G, the colitis group
showed much higher levels of MPO activity than the control
group. However, AzA therapy substantially reduced the
elevated MPO activity.

Figure 2. Protective effect of AzA on colon pathological damage in mice induced by DSS. (A) Representative H&E staining of colon tissue. (B)
Histological score. (C) Masson staining for collagen deposition (blue). (D) Quantitative expressions of collagen fibers. Data is presented as the
mean ± SEM (n = 6). Statistical analysis was performed with one-way ANOVA followed by the LSD test. ###P < 0.001 vs the water + 0.9% NaCl
group and ***P < 0.001 vs the DSS + 0.9% NaCl group.
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Treg function has been related to the development of
inflammato ry d i s ea se s , such a s IBD, and the
CD4+CD25+Foxp3+Treg subsets play an important role in
regulating immune tolerance and homeostasis. Mesentery

lymph node (MLN) cells treated with AzA were stained with
fluorescence-conjugated monoclonal antibodies (mAbs)
a g a i n s t C D 4 , C D 2 5 , a n d F o x p 3 t o e x a m i n e
CD4+CD25+Foxp3+Treg subset levels using flow cytometry

Figure 3. AzA’s impact on the immune-inflammation status in DSS-induced colitis mice. The relative mRNA expression levels of the inflammatory
cytokines IL-1β (A), IL-6 (B), TNF-α (C), IL-17A (D), and IL-22 (E) were assessed using RT-PCR. (F) Serum IL-6 levels in each group. (G)
MPO activity in the colon. (H) The cells of the MLNs were stained with mAbs against mouse CD4, CD25, and Foxp3. Flow cytometry was used to
analyze the stained cells. (I) The number of CD4+CD25+Foxp3+Treg cells was calculated. Data is presented as the mean ± SEM (n = 6). Statistical
analysis was performed with one-way ANOVA followed by the LSD test. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs the water + 0.9% NaCl group
and *P < 0.05 and **P < 0.01 vs the DSS + 0.9% NaCl group.
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(Figure 3H). MLNs from DSS-induced colitis mice treated
with AzA had significantly fewer CD4+CD25+Foxp3+ cells than
those treated with vehicles (Figure 3I).
2.4. AzA Regulates Multiple Genes Related to IBD.

Network pharmacology predicted the likely targeted proteins
and pathways of AzA in order to study AzA’s pharmacological
mechanisms for treating IBD. A total of 152 targets were

projected to interact with AzA, whereas 6074 targets were
expected to relate to IBD. According to the Venn analysis
diagram, 99 common AzA targets for the treatment of IBD
were identified (Figure 4A).

The STRING database’s protein−protein interaction (PPI)
network revealed that these 99 common target genes’ proteins
have intricate connections (Figure 4B). For additional

Figure 4. Analyses of the network pharmacology of AzA. (A) Venn diagram of targets of AzA against IBD. (B) The PPI network includes disease-
and drug-related overlapping targets. The area of the circle was greater, and the color was darker when the connection value (degree) of a node
relating to the gene was higher. (C) The top 5 targets of PPI network analysis were TLR4, PPARA, ACE, REN, and MAPK8. (D) Bar diagram of
GO analysis function annotation. (E) Bubble diagram of KEGG pathway enrichment analysis.
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investigation, the PPI network was imported into Cytoscape.
We selected the top 5 genes as the hub genes based on their
degree. These hub genes could serve as the primary molecular
targets for AzA’s anti-IBD actions. Consequently, the five key

target proteins, TLR4, PPARA, ACE, REN, and MAPK8, were
discovered (Figure 4C).

To determine the function of the potential targets, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and

Figure 5. Effects of AzA on the RAS in DSS-induced colonic tissues. The mRNA expression of five hub genes, TLR4 (A), PPARA (B), ACE (C),
REN (D), and MAPK8 (E), was identified by RT-PCR in mouse colon tissues. (F) ACE, ACE2, and MAS1L western blotting images. Changes in
the relative protein expression levels of ACE (G), ACE (H), and MAS1L (I) were measured. (J) Representative pictures of ACE, ACE2, and
MAS1L immunohistochemical staining are displayed (original magnification ×400, scale bar = 20 μm). Data is presented as the mean ± SEM (n =
6). Statistical analysis was performed with one-way ANOVA followed by the LSD test. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs the water +
0.9% NaCl group and *P < 0.05, **P < 0.01, and ***P < 0.001 vs the DSS + 0.9% NaCl group.
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Genomes (KEGG) pathway enrichment analyses were
performed. The GO study (Figure 4D) contains biological
processes (BPs), cell components (CCs), and molecular
functions (MFs). The top 15 signaling pathways for the AzA
therapy of IBD were displayed (Figure 4E). Among these
potential pathways, the RAS was investigated in terms of the
potential pharmacological qualities of AzA. This was done in
conjunction with the findings of the enrichment analysis and
core targets.
2.5. AzA Regulates the RAS. The hub gene expression

levels in the mouse colon were detected by quantitative real-
time polymerase chain reaction (RT-PCR) (Figure 5A−E). In
DSS-induced colitis mice, mRNA expression of TLR4, PPARA,
ACE, and REN increased significantly in comparison to the
control group, while MAPK8 increased slightly but not
significantly. Compared with DSS induction, TLR4 and ACE
levels were markedly reduced by the administration of AzA,
while other hub genes were unaffected.

As depicted in Figure 5F−J, the protein expression of ACE,
ACE2, and the Mas receptor (MAS1L) in colonic tissue was
determined using immunohistochemistry and western blotting.
ACE, ACE2, and MAS1L were found throughout the colon’s
layers, mostly in the enterocytes, according to immunohis-
tochemical tests. The DSS-induced colitis group substantially
increased the protein expression of ACE, ACE2, and MAS1L
when compared to the control group. Nevertheless, AzA
therapy markedly reduced the expression of these three
molecules. Together, our findings show that AzA prevents
DSS-induced colitis, probably by regulating the RAS.

3. DISCUSSION
AzA is an aliphatic dicarboxylic acid with antibacterial,
antioxidant, and anti-inflammatory properties that are
commonly used to treat various skin diseases.15−18 Research
has shown that individuals with IBD have lower levels of AzA
in their stool.11,12 AzA has been found to increase GLP-1
secretion and regulate intestinal inflammation,22 but its effects
on IBD have not yet been studied. In the current study, we
provided data that suggest that AzA has an anti-inflammatory,
immune-regulatory, and anti-fibrosis effect, providing evidence
for AzA as a potential therapy for IBD.

We analyzed the fecal metabolomics data obtained from the
Metabolomics Workbench and found that AzA was signifi-
cantly reduced in the feces of IBD patients and DSS-induced
mice, and our mouse model confirmed that AzA reversed the
intestinal inflammation induced by DSS in mice. In our study,
oral AzA treatment significantly reduced weight loss, colon
shortening, and DAI scores caused by DSS and restored
mucosal and crypt structures. AzA also dramatically decreased
the overproduction of pro-inflammatory cytokines in DSS
mice, including TNF-α, IL-1β, IL-6, IL-17A, and IL-22. These
data suggest that oral AzA can reduce intestinal inflammation.

The current study also demonstrated the immune-regulatory
ability of AzA. In the colons of the DSS mice treated with AzA,
there was less neutrophil infiltration. Moreover, in auto-
immune and chronic inflammatory diseases, such as IBD,
CD4+CD25+Foxp3+Treg subsets play an important role in
regulating immune homeostasis and tolerance.29−31 We
observed fewer CD4+CD25+Foxp3+ cells in the MLNs of
DSS-induced colitis mice treated with AzA, suggesting that
AzA appears to have protective benefits against the onset of
colitis by lowering CD4+CD25+Foxp3+Treg percentages.

Interestingly, we also showed that AzA significantly reduced
DSS-caused collagen deposition, implying its potential as a
treatment for intestinal fibrosis, which is a severe complication
of IBD which severely impairs the patients’ quality of life. We
concluded from network pharmacology that AzA may be a
novel regulator of the RAS. The experiment further shows that
the main components of the RAS (ACE, ACE2, and MAS1L)
are expressed in all layers of DSS mouse colon tissue, mainly in
the epithelial layer, which is consistent with the results of
intestinal tissue from IBD patients. The expression of ACE,
ACE2, and MAS1L increased significantly after DSS induction
and decreased significantly after AzA treatment. In our
experiment, the change of MAS1L protein is inconsistent
with that of IBD patients but consistent with that of DSS-
induced colitis previously reported.32,33 The relative involve-
ment of two complementing RAS arms, which have conflicting
roles in inflammation, fibrosis, cell proliferation, and angio-
genesis, determines the final tissue homeostatic effect.34−37

Several findings imply that the RAS is dysregulated in IBD and
plays a role in the development of fibrosis.32,38−40 Compared
to IBD patients not receiving angiotensin receptor blockers
(ARBs), individuals with IBD treated with ARBs have reduced
mucosal pro-inflammatory cytokines.41 In a retrospective
cohort analysis, individuals on RAS blockers had lower disease
activity indices and tended to need fewer hospital stays and
surgical procedures for IBD and CD, respectively.32 In a
subsequent prospective trial, single factor analysis revealed that
the likelihood of intestinal resection in individuals on RAS
blockers for IBD had considerably decreased.38 On the other
hand, several animal models of IBD have shown an association
between colitis and imbalances in RAS pathway components.
Blocking the classical RAS may reduce the production of pro-
inflammatory cytokines via ERK1/2, MAPK, Akt, and NF-κB42

while also triggering regulatory T cells and modifying TH1-
and TH17-mediated autoimmunity.43 In acute and chronic
animal models, blocking the classical RAS has been shown to
decrease colon fibrosis by lowering TGF-β.44−46 Additionally,
classical RAS blockade may potentially diminish leukocyte
recruitment by inhibiting the expression of mucosal addressing
cell adhesion molecule-1 (MAdCAM-1), vascular cell adhesion
molecule-1, and intracellular adhesion molecule-1.47 Further-
more, inhibiting the classical RAS can improve oxidative stress
by decreasing MPO activity and malondialdehyde levels while
increasing glutathione levels.48,49 The alternative pathway of
ACE2/Ang (1−7)/MAS1L is generally considered to have
anti-inflammatory and anti-fibrotic effects.33,50 However,
paradoxically, Byrnes et al. demonstrated that the ACE2
inhibitor GL1001 could improve DSS-induced colitis in
mice.51 In summary, RAS regulation may mitigate the harmful
effects of colitis through various mechanisms, including anti-
inflammatory and anti-fibrotic effects, inhibition of leukocyte
recruitment, and reduction of oxidative stress. Our study shows
that AzA could improve DSS-induced colitis in mice, probably
by inhibiting the classical RAS and normalizing the alternative
RAS.

AzA can also reduce the increase of TLR4 caused by DSS.
TLR4 is a well-known inflammatory mediator that functions as
a signaling molecule between innate and adaptive immunities
and between inflammation and infection.52 TLR4 has been
recognized as the primary pattern recognition receptor and the
canonical receptor for Gram-negative bacteria’s lipopolysac-
charide and has been implicated in the development of
IBD.53,54 Therefore, inhibiting TLR4 may be a potential
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strategy for treating IBD.55,56 In cardiovascular and renal
diseases, the RAS and TLR4 have been found to have cross-
talk. Ang II can stimulate AT1R to release high-mobility group
protein 1,57 a TLR4 ligand that causes inflammatory
responses.58 Ang II also binds to the myeloid differentiator
protein 2/TLR4 complex, triggering MyD88-dependent
activation of mitogen-activated protein kinases (MAPKs),
which promote local ACE/AT1R gene expression and Ang II
production.59−61 In recent years, parallel changes in the TLR4
and RAS have also been observed in intestinal diseases,62,63

and Jaworska et al. linked the RAS and TLR4 in gut
microbiota.64 However, the specific mechanism is still unclear.

4. CONCLUSIONS
Our results indicate that AzA has protective effects on DSS-
induced colitis as it reduces clinical disease activity, collagen
deposition, pro-inflammatory cytokine production, and
CD4+CD25+Foxp3+Treg proportions in MLNs. We also
found that AzA modulates the RAS pathway. These results
provide evidence that AzA may be a potential therapy for IBD.

5. MATERIALS AND METHODS
5.1. Difference Analysis of AzA. Data and sample

information from IBD patients and DSS-induced mice were
downloaded from the Metabolomics Workbench (https://
www.metabolomicsworkbench.org), where they are designated
as PR000639 (https://doi.org/10.21228/M82T15) and
PR000837 (https://doi.org/10.21228/M8H118). The human
study population includes 546 stool samples (276 males and
270 females). Among them, 134 samples are from non-IBD,
266 samples are from CD, and 146 samples are from UC. For
the mouse study, five samples each were in the DSS and
control groups. The difference analysis of AzA was performed
using MetaboAnalyst (https://www.metaboanalyst.ca/).
5.2. Animals. The experimental animal department at

Central South University (Changsha, China) provided
C57BL/6J male mice that weighed 20−22 g and were 7−8
week old. Mice were raised in specified pathogen-free
environments with unrestricted access to food and water at
22 ± 2 °C on 12 h light/dark cycles. Euthanasia was evaluated
based on the following humane endpoints: (1) weight loss of
more than 20%; (2) loss of appetite; (3) inability to stand for
24 h; (4) body temperature below 37 °C; and (5) infection.
The Medical Research Ethics Committee of Central South
University gave its approval to all animal studies (no. CSU-
2022-0385), which followed the guidelines of the Guide for the
Care and Use of Laboratory Animals published by the National
Institutes of Health.
5.3. DSS-Induced Colitis and AzA Treatment. After a

week of acclimatization, mice were distributed at random into
the following groups: water + 0.9% NaCl, DSS + 0.9% NaCl,
and DSS + AzA (50 mg, 100 mg, and 150 mg/kg, respectively).
The statistical significance of the experiment was ensured by
having six animals per group. Colitis developed after 7 days of
drinking water with 2.5% DSS (36−50 kD, MP Biomedicals,
USA). Every 2 days, the DSS solution was changed. AzA (cat.
no. V900595; Sigma-Aldrich, USA) was gavaged once per day
during the early hours (between 9:00 and 10:00 am) in a saline
suspension for 7 days (day 0 to day 6). Control mice were
gavaged with AzA alone (i.e., the water + AzA group) to assess
AzA toxicity.

Under anesthesia, blood samples were taken using a glass
capillary from the retro-orbital venous plexus for 24 h
following the last dose of drug administration. Then, mice
were sacrificed via cervical dislocation, and their colons were
removed and measured for length (between the ileocecal
junction and the anus). Additionally, for histological analysis,
1−1.5 cm of the distal colon tissues was opened longitudinally
and rolled into so-called Swiss rolls. For quantitative RT-PCR,
the proximal 0.5 cm colon segment was used. The colonic
tissues that were left were kept at −80 °C for further
examination.
5.4. Evaluation of Clinical Scoring. Each group of mice

was inspected every morning throughout therapy, and
variations in body weight, diarrhea, and rectal bleeding were
noted. A Hemoccult test kit was used to detect blood in the
feces (Nanjing Jiancheng Bioengineering Institute, China).
Changes in body weight were measured relative to the initial.
The DAI was calculated using weight loss, stool consistency,
and fecal blood.65

5.5. Hematoxylin−Eosin (H&E) and Masson Staining.
The colons were handled as usual before being paraffin-
embedded after being fixed in 4% formaldehyde. Following
this, 5 μm thick colon slices were created and stained with
Masson and H&E. The previously described criteria were used
to calculate the histopathological scores.66 In brief, the
histological scores were assessed based on the level of
inflammation, lymphocyte infiltration, crypt damage, surface
epithelium loss, and the abnormal colon wall. Regarding
Masson staining, the semi-quantitative expression of the
collagen fibers presented in blue was calculated using ImageJ
software.
5.6. Cell Isolation and Flow Cytometry. Cells from the

MLNs were extracted as previously mentioned.65 The mice’s
MLNs were gently broken up and run through a cell strainer
with a 40 micron pore size. The cells were obtained and
resuspended in cell staining buffer (Elabscience, China) for
further staining. A Fixable Viability Kit (423102; BioLegend,
USA) was used to stain live cells, and cell surfaces were stained
with fluorescein isothiocyanate anti-mouse CD4 antibody (E-
AB-F1097C; Elabscience, China) and allophycocyanin anti-
mouse CD25 antibody (E-AB-F1102E; Elabscience, China).
Fixation/permeabilization buffer (Thermo Scientific, USA)
was used to permeabilize the cells, and the intracellular Foxp3
was stained using the phycoerythrin anti-mouse Foxp3
antibody (E-AB-F1238D; Elabscience, China). According to
the manufacturer’s instructions, the fluorescent antibodies were
applied. A FACS Arial II flow cytometer (BD Biosciences,
USA) was used to detect cells, and FlowJo software was used
to conduct the analysis.
5.7. Measurement of Colonic MPO Activity. Homo-

genized colonic tissues in phosphate buffered saline (pH 7.4)
were centrifuged for 15 min at 4 °C at 14,000×g. After this, the
supernatants were applied to measure MPO activity using an
assay kit (Nanjing Jiancheng Bioengineering Institute, China).
5.8. Enzyme-Linked Immunosorbent Assay. Mouse

peripheral blood was centrifuged for 20 min at 2000×g at room
temperature for the subsequent experiments. The ELISA kits
(4A Biotech, China) were used to measure the amount of IL-6
in mouse serum.
5.9. RNA Extraction and RT-PCR. The Trizol reagent

(TransGen Biotech, China) was used to lyse the 50 mg sample
of mouse colon tissue to extract the RNA. The ratio of the
absorbance at 260 nm to that at 280 nm was then used to
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calculate the quantity of extracted RNA. 1.0 g of total RNA was
applied to synthesize complementary DNA (cDNA) using a
Thermo Scientific RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, USA). The SYBR Green QPCR Master
Mix (TransGen Biotech, China) and a Bio-Rad CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories, USA)
were applied to amplify cDNA. The target gene’s mRNA
expression was determined using the 2−ΔΔCt method, with
GAPDH serving as the reference gene. Table 1 includes a list
of the RT-PCR primers.

5.10. Network Pharmacology. Well-reported pharmaco-
logical targets of AzA were discovered using the DrugBank,67

SuperPred,68 and Swiss Target Prediction databases.69 The
gathered targets were classified as “AzA” after the duplicate
targets were removed. “Inflammatory bowel disease” was used
as a keyword to filter the results in the GeneCards,70 OMIM,71

and DisGeNET databases,72 and the results were then
immediately exported. To compare target data and standardize
gene names, UniProt was employed. Utilizing Venn diagrams,
all key targets of AzA and IBD were analyzed to determine
possible targets for AzA against IBD.

After acquiring the combined targets of AzA and IBD, the
PPI network was built using the online STRING database.
Cytoscape, a program for the investigation and display of
biological networks, was used to build all the networks. The
degree, betweenness, proximity, and average shortest path
length were the topological criteria employed by Cytoscape’s
MCODE plugin to evaluate the core network. The nodes in
the network stand in for the targets, and the edges indicate the
connections between them.

The R packages of “ClusterProfiler” were used to conduct an
analysis of the functional enrichment of the GO and KEGG
databases. Significant pathway terms were those with P < 0.05.
5.11. Western Blotting. The radioimmunoprecipitation

assay lysis solution, including protease inhibitors, was used to
lyse the colon tissue protein samples. Before being transferred

to polyvinylidene fluoride membranes (Millipore, Germany),
50 μg of proteins was loaded into a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel. Following blocking with
5% non-fat milk, the membranes were then treated with
primary antibodies overnight at 4 °C, including GAPDH
mouse mAb (1:2000; cat. no. 60004-1-Ig; ProteinTech Group,
China), ACE mouse mAb (1:500; cat. no. sc-23908; Santa
Cruz Biotechnology, USA), ACE2 mouse mAb (1:100; cat. no.
sc-390851; Santa Cruz Biotechnology, USA), and MAS1L
rabbit polyclonal antibody (pAb) (1:2000; cat. no. 20080-1-
AP; ProteinTech Group, China). After this, membranes were
incubated for 1 h at 37 °C with matched secondary antibodies.
An enhanced chemiluminescence detection system (Bio-Rad
Laboratories, USA) was employed to identify protein bands.
Relative protein expression was calculated and normalized to
GAPDH expression using ImageJ software.
5.12. Immunohistochemistry. In order to assess the

levels of ACE, ACE2, and MAS1L expression in the
aforementioned formalin-fixed paraffin-embedded colonic
tissue, immunohistochemistry was used. The steps in the
process were as follows: The paraffin pieces were deparaffi-
nized via baking and then dried using xylene and ethanol. After
20 min of microwave irradiation in citrate buffer (pH 6.0), the
samples were subjected to antigen retrieval. Next, endogenous
peroxidase activity was blocked by incubating the sections with
3% H2O2 for 15 min at room temperature, followed by
blocking with 1% bovine serum albumin. Then, the sections
were incubated with ACE rabbit mAb (1:200; cat. no. 24743-
1-AP; ProteinTech Group, China), ACE2 rabbit pAb (1:500;
cat. no. 21115-1-AP; ProteinTech Group, China), and MAS1L
rabbit pAb (1:200; cat. no. 20080-1-AP; ProteinTech Group,
China) overnight at 4 °C. Thereafter, the sections were
exposed to the corresponding secondary antibody for 30 min
at room temperature. 3,3′-Diaminobenzidine was used to
measure the horseradish peroxidase activity for 30 s.
5.13. Statistical Analysis. Since every experiment was

performed at least three times, the results are displayed as
means ± standard error (SEM). Animals used for experiments
were not excluded. Student’s t-test was used to compare two
groups. Statistical differences between multiple groups were
compared by one-way ANOVA followed by the LSD test. A P-
value less than 0.05 was considered statistically significant.
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I. The effect of angiotensin-converting enzyme inhibitors on
experimental colitis in rats. Regul. Pept. 2005, 130, 67−74.
(47) Mizushima, T.; Sasaki, M.; Ando, T.; Wada, T.; Tanaka, M.;

Okamoto, Y.; Ebi, M.; Hirata, Y.; Murakami, K.; Mizoshita, T.; et al.
Blockage of angiotensin II type 1 receptor regulates TNF-α-induced
MAdCAM-1 expression via inhibition of NF-κB translocation to the
nucleus and ameliorates colitis. Am. J. Physiol. Gastrointest. Liver
Physiol. 2010, 298, G255−G266.
(48) Nagib, M. M.; Tadros, M. G.; ElSayed, M. I.; Khalifa, A. E.

Anti-inflammatory and anti-oxidant activities of olmesartan medox-
omil ameliorate experimental colitis in rats. Toxicol. Appl. Pharmacol.
2013, 271, 106−113.
(49) Arab, H. H.; Al-Shorbagy, M. Y.; Abdallah, D. M.; Nassar, N. N.

Telmisartan attenuates colon inflammation, oxidative perturbations
and apoptosis in a rat model of experimental inflammatory bowel
disease. PLoS One 2014, 9, No. e97193.
(50) Khajah, M. A.; Fateel, M. M.; Ananthalakshmi, K. V.; Luqmani,

Y. A. Anti-inflammatory action of angiotensin 1-7 in experimental
colitis may be mediated through modulation of serum cytokines/
chemokines and immune cell functions. Dev. Comp. Immunol. 2017,
74, 200−208.
(51) Byrnes, J. J.; Gross, S.; Ellard, C.; Connolly, K.; Donahue, S.;

Picarella, D. Effects of the ACE2 inhibitor GL1001 on acute dextran
sodium sulfate-induced colitis in mice. Inflamm. Res. 2009, 58, 819−
827.
(52) Akira, S. Innate immunity and adjuvants. Philos. Trans. R. Soc.,
B 2011, 366, 2748−2755.
(53) Takahashi, K.; Sugi, Y.; Hosono, A.; Kaminogawa, S. Epigenetic

regulation of TLR4 gene expression in intestinal epithelial cells for the
maintenance of intestinal homeostasis. J. Immunol. 2009, 183, 6522−
6529.
(54) Dejban, P.; Nikravangolsefid, N.; Chamanara, M.; Dehpour, A.;

Rashidian, A. The role of medicinal products in the treatment of
inflammatory bowel diseases (IBD) through inhibition of TLR4/NF-
kappaB pathway. Phytother Res. 2021, 35, 835−845.
(55) Tam, J. S. Y.; Coller, J. K.; Hughes, P. A.; Prestidge, C. A.;

Bowen, J. M. Toll-like receptor 4 (TLR4) antagonists as potential
therapeutics for intestinal inflammation. Indian J. Gastroenterol. 2021,
40, 5−21.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00210
ACS Omega 2023, 8, 15217−15228

15227

https://doi.org/10.1016/s0140-6736(80)91555-x
https://doi.org/10.1016/s0140-6736(80)91555-x
https://doi.org/10.1080/19490976.2021.1987782
https://doi.org/10.1080/19490976.2021.1987782
https://doi.org/10.1080/19490976.2021.1987782
https://doi.org/10.1016/j.tips.2021.11.004
https://doi.org/10.1016/j.tips.2021.11.004
https://doi.org/10.1080/14728222.2022.2157261
https://doi.org/10.1080/14728222.2022.2157261
https://doi.org/10.1172/jci89344
https://doi.org/10.1172/jci89344
https://doi.org/10.1016/j.biochi.2013.01.018
https://doi.org/10.1016/j.biochi.2013.01.018
https://doi.org/10.1016/j.biochi.2013.01.018
https://doi.org/10.1111/apt.15187
https://doi.org/10.1111/apt.15187
https://doi.org/10.1111/apt.15187
https://doi.org/10.1111/apt.15187
https://doi.org/10.1186/s12967-022-03235-8
https://doi.org/10.1186/s12967-022-03235-8
https://doi.org/10.1186/s12967-022-03235-8
https://doi.org/10.3389/fimmu.2021.716499
https://doi.org/10.3389/fimmu.2021.716499
https://doi.org/10.1136/gutjnl-2019-319850
https://doi.org/10.1136/gutjnl-2019-319850
https://doi.org/10.1097/mib.0b013e318281f5a3
https://doi.org/10.1097/mib.0b013e318281f5a3
https://doi.org/10.1136/gutjnl-2019-318512
https://doi.org/10.1136/gutjnl-2019-318512
https://doi.org/10.1371/journal.pone.0150861
https://doi.org/10.1371/journal.pone.0150861
https://doi.org/10.1111/j.1365-2036.2011.04971.x
https://doi.org/10.1111/j.1365-2036.2011.04971.x
https://doi.org/10.1681/asn.2016070734
https://doi.org/10.1681/asn.2016070734
https://doi.org/10.1002/jcp.27205
https://doi.org/10.1002/jcp.27205
https://doi.org/10.1016/j.biopha.2017.07.091
https://doi.org/10.1016/j.biopha.2017.07.091
https://doi.org/10.1016/j.biopha.2017.07.091
https://doi.org/10.1136/gutjnl-2020-321186
https://doi.org/10.1136/gutjnl-2020-321186
https://doi.org/10.1136/gutjnl-2020-321186
https://doi.org/10.1016/0016-5085(90)91088-n
https://doi.org/10.1016/0016-5085(90)91088-n
https://doi.org/10.1177/1470320314521086
https://doi.org/10.1177/1470320314521086
https://doi.org/10.1177/1470320314521086
https://doi.org/10.1038/srep27552
https://doi.org/10.1038/srep27552
https://doi.org/10.1016/j.mce.2021.111254
https://doi.org/10.1016/j.mce.2021.111254
https://doi.org/10.1073/pnas.0903958106
https://doi.org/10.1073/pnas.0903958106
https://doi.org/10.1073/pnas.0903958106
https://doi.org/10.1097/00054725-200409000-00007
https://doi.org/10.1097/00054725-200409000-00007
https://doi.org/10.1016/j.surg.2008.03.043
https://doi.org/10.1016/j.surg.2008.03.043
https://doi.org/10.1016/j.surg.2008.03.043
https://doi.org/10.1016/j.regpep.2005.03.009
https://doi.org/10.1016/j.regpep.2005.03.009
https://doi.org/10.1152/ajpgi.00264.2009
https://doi.org/10.1152/ajpgi.00264.2009
https://doi.org/10.1152/ajpgi.00264.2009
https://doi.org/10.1016/j.taap.2013.04.026
https://doi.org/10.1016/j.taap.2013.04.026
https://doi.org/10.1371/journal.pone.0097193
https://doi.org/10.1371/journal.pone.0097193
https://doi.org/10.1371/journal.pone.0097193
https://doi.org/10.1016/j.dci.2017.05.005
https://doi.org/10.1016/j.dci.2017.05.005
https://doi.org/10.1016/j.dci.2017.05.005
https://doi.org/10.1007/s00011-009-0053-3
https://doi.org/10.1007/s00011-009-0053-3
https://doi.org/10.1098/rstb.2011.0106
https://doi.org/10.4049/jimmunol.0901271
https://doi.org/10.4049/jimmunol.0901271
https://doi.org/10.4049/jimmunol.0901271
https://doi.org/10.1002/ptr.6866
https://doi.org/10.1002/ptr.6866
https://doi.org/10.1002/ptr.6866
https://doi.org/10.1007/s12664-020-01114-y
https://doi.org/10.1007/s12664-020-01114-y
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(56) Dai, W.; Long, L.; Wang, X.; Li, S.; Xu, H. Phytochemicals
targeting Toll-like receptors 4 (TLR4) in inflammatory bowel disease.
Chin. Med. 2022, 17, 53.
(57) Nair, A. R.; Ebenezer, P. J.; Saini, Y.; Francis, J. Angiotensin II-

induced hypertensive renal inflammation is mediated through
HMGB1-TLR4 signaling in rat tubulo-epithelial cells. Exp. Cell Res.
2015, 335, 238−247.
(58) Park, J. S.; Gamboni-Robertson, F.; He, Q.; Svetkauskaite, D.;

Kim, J. Y.; Strassheim, D.; Sohn, J. W.; Yamada, S.; Maruyama, I.;
Banerjee, A.; et al. High mobility group box 1 protein interacts with
multiple Toll-like receptors. Am. J. Physiol. Cell Physiol. 2006, 290,
C917−C924.
(59) Han, J.; Zou, C.; Mei, L.; Zhang, Y.; Qian, Y.; You, S.; Pan, Y.;

Xu, Z.; Bai, B.; Huang, W.; et al. MD2 mediates angiotensin II-
induced cardiac inflammation and remodeling via directly binding to
Ang II and activating TLR4/NF-κB signaling pathway. Basic Res.
Cardiol. 2017, 112, 9.
(60) Xu, Z.; Li, W.; Han, J.; Zou, C.; Huang, W.; Yu, W.; Shan, X.;

Lum, H.; Li, X.; Liang, G. Angiotensin II induces kidney inflammatory
injury and fibrosis through binding to myeloid differentiation protein-
2 (MD2). Sci. Rep. 2017, 7, 44911.
(61) Wang, Y.; Fang, Q.; Jin, Y.; Liu, Z.; Zou, C.; Yu, W.; Li, W.;

Shan, X.; Chen, R.; Khan, Z.; et al. Blockade of myeloid differentiation
2 attenuates diabetic nephropathy by reducing activation of the renin-
angiotensin system in mouse kidneys. Br. J. Pharmacol. 2019, 176,
2642−2657.
(62) Kabel, A. M.; Atef, A.; Borg, H. M.; El-Sheikh, A. A. K.; Al

Khabbaz, H. J.; Arab, H. H.; Estfanous, R. S. Perindopril/Ambrosin
Combination Mitigates Dextran Sulfate Sodium-Induced Colitis in
Mice: Crosstalk between Toll-Like Receptor 4, the Pro-Inflammatory
Pathways, and SIRT1/PPAR-γ Signaling. Pharmaceuticals 2022, 15,
600.
(63) Sayed, A. M.; Abdel-Fattah, M. M.; Arab, H. H.; Mohamed, W.

R.; Hassanein, E. H. M. Targeting inflammation and redox aberrations
by perindopril attenuates methotrexate-induced intestinal injury in
rats: Role of TLR4/NF-κB and c-Fos/c-Jun pro-inflammatory
pathways and PPAR-γ/SIRT1 cytoprotective signals. Chem. Biol.
Interact. 2022, 351, 109732.
(64) Jaworska, K.; Koper, M.; Ufnal, M. Gut microbiota and renin-

angiotensin system: a complex interplay at local and systemic levels.
Am. J. Physiol. Gastrointest. Liver Physiol. 2021, 321, G355−g366.
(65) Wirtz, S.; Popp, V.; Kindermann, M.; Gerlach, K.; Weigmann,

B.; Fichtner-Feigl, S.; Neurath, M. F. Chemically induced mouse
models of acute and chronic intestinal inflammation. Nat. Protoc.
2017, 12, 1295−1309.
(66) Li, C.; Ai, G.; Wang, Y.; Lu, Q.; Luo, C.; Tan, L.; Lin, G.; Liu,

Y.; Li, Y.; Zeng, H.; et al. Oxyberberine, a novel gut microbiota-
mediated metabolite of berberine, possesses superior anti-colitis
effect: Impact on intestinal epithelial barrier, gut microbiota profile
and TLR4-MyD88-NF-κB pathway. Pharmacol. Res. 2020, 152,
104603.
(67) Wishart, D. S.; Feunang, Y. D.; Guo, A. C.; Lo, E. J.; Marcu, A.;

Grant, J. R.; Sajed, T.; Johnson, D.; Li, C.; Sayeeda, Z.; et al.
DrugBank 5.0: a major update to the DrugBank database for 2018.
Nucleic Acids Res. 2018, 46, D1074−D1082.
(68) Gallo, K.; Goede, A.; Preissner, R.; Gohlke, B. O. SuperPred

3.0: drug classification and target prediction-a machine learning
approach. Nucleic Acids Res. 2022, 50, W726−W731.
(69) Gfeller, D.; Grosdidier, A.; Wirth, M.; Daina, A.; Michielin, O.;

Zoete, V. SwissTargetPrediction: a web server for target prediction of
bioactive small molecules. Nucleic Acids Res. 2014, 42, W32−W38.
(70) Stelzer, G.; Rosen, N.; Plaschkes, I.; Zimmerman, S.; Twik, M.;

Fishilevich, S.; Stein, T. I.; Nudel, R.; Lieder, I.; Mazor, Y.; et al. The
GeneCards Suite: From Gene Data Mining to Disease Genome
Sequence Analyses. Curr. Protoc. Bioinf. 2016, 54, 1.30.31−31.30.33.
(71) Amberger, J. S.; Hamosh, A. Searching Online Mendelian

Inheritance in Man (OMIM): A Knowledgebase of Human Genes
and Genetic Phenotypes. Curr. Protoc. Bioinf. 2017, 58, 1.2.1−1.2.12.
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