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Ulcerative colitis (UC) is a recurring inflammatory bowel disease, in which
oxidative stress plays a role in its progression, and regulation of the oxidative/
antioxidative balance has been suggested as a potential target for the treatment
of UC. The aim of this study was to evaluate the protective effect of
andrographolide against UC and its potential antioxidant properties by
modulating the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme
oxygenase-1 (HO-1) pathway. Dextran sulfate sodium (DSS) -induced UC mice
and the LPS-induced HT29 inflammatory cell model were established to uncover
the potential mechanisms of andrographolide. ML385, a Nrf2 inhibitor, was used
in both models to assess whether andrographolide exerts a protective effect
against UC through the Nrf2/HO-1 pathway. The in vivo experiment showed that
andrographolide ameliorated the symptoms and histopathology of DSS-induced
mice and restored the expressions of ZO-1, Occludin-1 and Claudin-1.
Meanwhile, DSS-induced oxidative stress and inflammation were suppressed
by andrographolide treatment, along with the upregulation of key proteins in the
Nrf2/HO-1 pathway. In vitro experiments showed that andrographolide
attenuated LPS-induced excessive generation of ROS in HT29 cells, reduced
inflammatory factors, and upregulated the expression of proteins related to tight
junctions and Nrf2/HO-1 pathway. In addition, ML385 abolished the beneficial
effect of andrographolide. In conclusion, the protective effect of andrographolide
against UC may involve the suppression of oxidative stress and inflammation via
the Nrf2/HO-1 pathway.
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1 Introduction

Ulcerative colitis (UC) is a recurrent inflammatory condition in
the gastrointestinal tract defined by symptoms like abdominal pain,
diarrhea, inflammation of the mucosa, and bloody stools
(Kaenkumchorn and Wahbeh, 2020). There has been an increase
in the prevalence of UC in recent years, leading to a significant
impact on quality of life for individuals due to its prolonged course
and recurrent episodes (Le et al., 2023). Current pharmacological
strategies for the treatment of UC focus on induction of remission
and management of complications, including anti-inflammatory
medications (such as mesalazine, sulfonamides), corticosteroids
(like prednisolone, budesonide), immunosuppressants (such as
azathioprine), and biologics (such as monoclonal antibodies)
(Segal et al., 2021). Nevertheless, the extended utilization of these
treatments is connected with diverse adverse reactions, such as
nausea, vomiting, headache, diarrhoea, haematuria,
nephrotoxicity, hypokalemia, increased susceptibility to infection
and poor tolerability, (Seyedian et al., 2019; Kucharzik et al., 2020),
limiting their clinical utility. Hence, it is imperative to investigate
alternative therapeutic options that are both reliable and efficacious.
Natural products with a long history of safe use in traditional
medicine or diet can offer promising avenues of investigation
(Ekiert and Szopa, 2020). Accordingly, the search for novel
natural compounds and understanding their mechanisms of
action in combating inflammation hold significant promise for
the treatment of UC.

There is a common belief that the pathogenesis of UC is the
result of a combination of factors such as genetic susceptibility,
immune system dysfunction and intestinal flora dysbiosis (Du and
Ha, 2020). The role of oxidative stress on the development of UC has
received increasing attention (Jeon et al., 2020; Peng et al., 2023).
Oxidative stress, characterized by an imbalance between oxidative
and antioxidative, has been implicated in promoting inflammation
by attracting neutrophils, increasing protease secretion, and
generating high levels of oxidative byproducts (Forman and
Zhang, 2021). Reactive oxygen species (ROS) are major reactive
substances in the process of oxidative stress. It is a vital signaling
molecule involved in mitogenic reactions or protection against
infectious pathogens at low concentrations under normal
conditions, but excessive ROS production can trigger oxidative
stress, which in turn causes or exacerbates inflammation, DNA
damage and even disease progression (Iantomasi et al., 2023; Jomova
et al., 2023). During the pathogenesis of UC, inflammatory stimuli
may lead to the overexpression of ROS, which can directly damage
colonic tissue and exacerbate the symptoms of UC. Regulation of
oxidative/antioxidative balance is expected to be one of the targets
for effective treatment of UC (Pu et al., 2014; Liu et al., 2023).

Nuclear factor erythroid 2-related factor 2 (Nrf2), a member of
the CNC family of transcription factors with a leucine zipper
structure, is a key player in the antioxidant stress response
(Wang et al., 2022). Translocating Nrf2 to the nuclear triggers
the activation of antioxidant enzymes, improves ROS scavenging
capacity and reduces oxidative stress damage (Keleku-Lukwete et al.,
2018). HO-1 is a target gene of Nrf2 that induces ROS reduction.
NF-KB has the ability to stimulate the production of inflammatory
cytokines such as IL-10, IL-6, TNF-α, IL-8, etc., thus mediating the
inflammatory reaction (Poma, 2020). HO-1 can block NF- κB

activation, leading to an indirect suppression of the inflammatory
response (Zeng et al., 2023). Activated Nrf2 is the main mediator of
cellular resistance to oxidative stress damage and can regulate
antioxidant proteins, anti-degeneration proteins, drug transporter
proteins, biotransformation enzymes, proteasomes and other
cellular protective genes to protect cells from oxidative damage
(Ma, 2013). The Nrf2 signaling pathway not only promotes the
release of various antioxidant enzymes, but also inhibits the
activation of pathways connected to inflammation and reduces
the release of several inflammatory factors, which are crucial in
managing UC (Bourgonje et al., 2023; Peng et al., 2023).

Andrographis paniculata (Burm. f.) Nees is a widely used
medicinal herb in China and Southeast Asia (Jiang et al., 2021).
It is a plant of the Acanthaceae family known for its ability to remove
heat and toxins, cool the blood and reduce swelling (Kumar et al.,
2021). Andrographolide, the primary diterpene lactone found in
Andrographis paniculate (Patil and Jain, 2021), exhibits various
biological effects, including anti-inflammatory (Burgos et al., 2020;
Li et al., 2022), antiviral (Dhawan, 2012; Khanal et al., 2021), anti-
apoptotic (Wanandi et al., 2020) and anti-tumor (Tundis et al.,
2023). The anti-inflammatory properties of andrographolide against
UC have been validated in both in vitro and in vivo experimental
models. In our preliminary animal studies, andrographolide was
found to inhibit the IL-23/IL-17 axis, reduce the disease activity
index score of TNBS-induced colitis and promote intestinal mucosal
repair (Zhu et al., 2018). However, the mechanism of
andrographolide in UC has not been fully elucidated. This
research aimed to investigate whether andrographolide can
protect intestinal barrier integrity by attenuating oxidative stress
and regulating the Nrf2 pathway.

2 Materials and methods

2.1 Animals and experimental design

C57BL/6J female mice (6 weeks old, 20 ± 2 g) were sourced from
Shanghai Slac Laboratory Animal Co. Ltd. (Shanghai, China). The
mice were kept under standard ambient conditions (temperature:
25°C ± 3°C, humidity: 53% ± 3%, and a 12 -hour of light/dark cycle)
with unrestricted access to food and water for a week prior to the
experiment to acclimate to the laboratory condition. The
experimental protocols fully complied with the Guidelines for the
Care and Use of Laboratory Animals (Chinese Council on Animal
Research and the Guidelines of Animal Care) and approved by the
Animal Welfare Committee of Zhejiang Chinese Medical University
(certificate number IACUC-20220321-25).

Andrographolide (purity ≥98%, Sigma-Aldrich, United States)
and ML385(Selleck Chemicals, United States) were dissolved in
0.5% CMC-Na. Dextran sulphate sodium (DSS, MV40000, Aladdin,
Shanghai, China) was dissolved in distilled water.

The current study includes two different mouse experiments. To
evaluate the effect of andrographolide on colitis, mice were divided
into five groups (n = 10): normal control group (Control), DSS
model group (DSS), and three groups receiving different doses of
andrographolide treatment (DSS + Andro L, DSS + Andro M, and
DSS + Andro H). Except for the control group, mice in the other
groups drank water containing 3% (w/v) DSS consecutively for
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14 days. The mice in the andrographolide treatment groups were
orally administered with different doses of andrographolide (10, 20,
and 40mg/kg) respectively once daily from day 8 to day 14. To assess
the role of Nrf2 in the effect of andrographolide on colitis, mice were
divided into four groups (n = 10): normal control group (Control),
DSS model group (DSS), andrographolide treatment group (DSS +
Andro), and andrographolide and ML385 treatment group (DSS +
Andro +ML385). Mice in the DSS, DSS + Andro and DSS + Andro +
ML385 group were given water containing 3% (w/v) DSS for 14 days.
From day 8 to day 14, mice in the DSS + Andro group were orally
administered with 40 mg/kg andrographolide once daily. On day 8,
11, and 14, mice in the DSS + Andro + ML385 group were
administered ML385 (30 mg/kg) by oral gavage. At the end of
the experiment, colon tissues were collected from the mice and the
colon length was measured.

2.2 Cell culture and treatment

HT29 cell lines were obtained from American Type Culture
Collection (ATCC, Mannssas, VA) and cultured in RPMI-1640
supplemented with 10% fetal bovine serum (FBS) at 37°C in a
cell incubator containing 5% (v/v) CO2. LPS was dissolved in the
media and cells were primed for 2 h at a concentration of 8 μg/mL.
After removing the priming media, cells were treated with different
doses of andrographolide (10, 20, 40 μM) or ML385 (10 μM) for 8 h
and collected for further experiments.

2.3 Histological analysis

The colon samples were extracted, fixed in 4%
paraformaldehyde, dehydrated with gradient ethanol, and
embedded in paraffin. Slices with a thickness of 5 μm were cut
from the specimen and stained with hematoxylin and eosin (HE).
The histology of the colon was observed under a microscope
(ECLIPSE C1; Nikon Corporation, Tokyo, Japan).

2.4 Immunohistochemical staining

The above embedded samples were cut into 5 μm slices,
deparaffinised, dehydrated and subjected to antigen recovery by
immersion in citrate buffer at 98°C for 15 min to block endogenous
peroxidase activity. Thereafter, the samples were treated with H2O2

and blocked with 3% bovine serum albumin (BSA) solution for
30 min. The samples were then hybridised with anti-
myeloperoxidase (MPO; 1:200, ab208670, Abcam). After 12 h,
the sections were incubated with the corresponding secondary
antibody and then stained using a 3,3′-diaminobenzidine (DAB)
staining kit (Vector Laboratories, United States).

2.5 Detection of serum LPS concentration

Levels of serum LPS was detected with an enzyme-linked
immunosorbent assay kit (Cloud-Clone Corp., Wuhan, China)
following the manufacturer’s directions.

2.6 Real-time PCR

RNA was extracted from colonic tissues or cells using TRIzol
reagent (Invitrogen, CA) and RNA concentration was measured
using Nanodrop (Thermo Scientific, MA). RNA was then converted
to cDNA by a reverse transcription kit. Genes were amplified using
the StepOnePlus real-time PCR system (Applied Biosystems, Foster
City, CA, United States). Relative gene expressions were calculated
using 2− (△△CT) method. The primer sequences used in this study are
shown in Table 1.

2.7 Western blot

Proteins from colon samples or cells were extracted using lysis
buffer containing protease and phosphatase inhibitors. Protein
concentrations were measured with the BCA assay kit (Beyotime,
China). The proteins were then separated by SDS-PAGE, transferred
to the PVDF membrane, and blocked with 5%BSA. Subsequently,
primary antibodies were incubated. The antibodies were used as
follows: anti-IL-17, anti-IL23, anti-ZO-1, anti-Occludin-1, and anti-
Claudin-1 (Abcam, Cambridge, United Kingdom); anti-Nrf2, anti-
HO-1, anti-IL-1β, anti-P-p65, anti-p65 (Cell Signaling Technology,
Danvers, MA, United States); anti-β-actin (Boster Biological
Technology, Pleasanton, CA, United States).β-actin was used as
loading controls. Blots were developed using the appropriate HRP-
conjugated secondary antibody and ECL kit (Nanjing Vazyme
Biotech Co. Ltd., Nanjing, China) to detect.

TABLE 1 Primer sequences for qPCR.

Gene Description Sequence (5′-3′)

mouse IL-17 Forward TTTAACTCCCTTGGCGCAAAA

Reverse CTTTCCCTCCGCATTGACAC

mouse IL-23 Forward ATGCTGGATTGCAGAGCAGTA

Reverse ACGGGGCACATTATTTTTAGTCT

mouse IL-1β Forward GCAACTGTTCCTGAACTCAACT

Reverse ATCTTTTGGGGTCCGTCAACT

mouse IL-6 Forward TAGTCCTTCCTACCCCAATTTCC

Reverse TTGGTCCTTAGCCACTCCTTC

mouse TNFα Forward CCCTCACACTCAGATCATCTTCT

Reverse GCTACGACGTGGGCTACAG

mouse ZO-1 Forward GCCGCTAAGAGCACAGCAA

Reverse TCCCCACTCTGAAAATGAGGA

mouse Occludin-1 Forward TTGAAAGTCCACCTCCTTACAGA

Reverse CCGGATAAAAAGAGTACGCTGG

mouse Claudin-1 Forward GGGGACAACATCGTGACCG

Reverse AGGAGTCGAAGACTTTGCACT

mouse β-Actin Forward GGCTGTATTCCCCTCCATCG

Reverse CCAGTTGGTAACAATGCCATGT
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2.8 Measurement of oxidative stress

To measure the antioxidant stress effect of andrographolide on
colitis, colon tissues were homogenized in cold physiological saline
and the levels of malonaldehyde (MDA), superoxide dismutase
(SOD) and glutathione (GSH) in colon tissues were determined
using commercial reagent kit (Nanjing Jiancheng Biotechnology
Co., Ltd., Nanjing, China) according to the manufacturer’s
instructions.

2.9 Detection of ROS

After treatment as described in 2.2, cells were collected and
incubated in 5 μM DCFH-DA (Beyotime, Shanghai, China) at
37°C for 20 min, then washed by 3 times with serum-free cell
culture medium to remove DCFH-DA that had not entered the
cells. Finally, flow cytometry (BD Accuri C6, United States) and
FlowJo software (version 10.0.7r2) were employed to evaluate the
ROS levels.

2.10 Statistical analysis

Mean values ± SEM were used to express the data. GraphPad
Prism 8 software (San Diego, CA, United States) was employed for
statistical analysis. Normality test was performed using Shapiro-
Wilk test. If data passed this test, we used unpaired Student t test
followed by Welch’s corrections. For more than two groups, one-
way analysis of variance (ANOVA) with a post hoc Turkey’s test for
multiple comparisons was performed. Statistical significance was
considered at p < 0.05.

3 Results

3.1 Andrographolide protected mice from
colitis induced by DSS

To investigate the therapeutic effect of andrographolide on
DSS-induced colitis, colon length was measured. As shown in
Figures 1A,B, the colon length in the DSS group was shorter than
that in the control group (P < 0.001). After treatment with
different doses of andrographolide, the colon length was
significantly increased (P < 0.01, P < 0.001). The pathological
result showed that the colon tissue of the control group presented
a clear and intact structure. However, the DSS-induced colitis
group showed a disordered structure with infiltration of
inflammatory cells or crypt damage, loss of goblet cells.
Andrographolide could effectively alleviate these pathological
changes and high dose andrographolide administration
showed minimal histological damage (Figure 1C).

3.2 Andrographolide increased tight
junction proteins in vivo and in vitro

Tight junction proteins are essential for intestinal barrier
integrity in colitis. As shown in Figures 2A,B, DSS induction
damaged the intestinal barrier and decreased the protein
expressions of Occludin-1, Claudin-1 and ZO-1 (P < 0.01).
After treatment with andrographolide at different doses (10,
20, and 40 mg/kg), the expressions of Occludin-1 and ZO-1
increased significantly in a concentration-dependent manner
compared with the DSS group (P < 0.05, P < 0.01).Treatment
with andrographolide at the concentration of 20 mg/kg and

FIGURE 1
Andrographolide ameliorated DSS-induced colitis in mice. (A) Representative images of the colon. (B) Colon length. (C) Pictures of H&E staining
(amplification 200, bar = 100 μM). The data are presented as mean ± SD (n = 6). ***p < 0.001, compared with control group; ##P < 0.01, ###P < 0.001,
compared with the DSS group.
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FIGURE 2
Andrographolide exerted protective effect on intestinal barrier of UC. (A) The protein expressions of Occludin-1, Claudin-1, and ZO-1 in mice colon
tissues. (B) Quantitation of the expression of Occludin-1, Claudin-1, and ZO-1 protein. The results are presented as mean ± SD (n = 3). *P < 0.05, **P <
0.01, compared with control group; #P < 0.05, ##P < 0.01, compared with the DSS group. (C) The protein expressions of Occludin-1 and Claudin-1 in
HT29 cells. (D) Quantitation of the expression of Occludin-1 and Claudin-1 protein. The results are presented as mean ± SD (n = 3). **P < 0.01,
compared with control group; #P< 0.05, ##P < 0.01, compared with the LPS group.
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FIGURE 3
Andrographolidemodulated the levels of inflammatory cytokines. (A) The expression ofMPO inmice colon tissues (amplification 100, bar = 100 μM).
(B) The levels of serum LPS. (C) The protein expressions of IL-17 and IL-23 in mice colon tissues. (D) Relative levels of IL-17 and IL-23 expressions. (E) The
mRNA expressions of IL-17 and IL-23 inmice colon tissues. (F) ThemRNA expressions of IL-1β, IL-6 and TNFα. The results are presented asmean± SD (n =
3–5). *P < 0.05, **P < 0.01, ***p < 0.001, compared with control group; #P < 0.05, ##P < 0.01, compared with the DSS group. (G) The protein
expressions of IL-17, IL-23, IL-1β and p-p65 in LPS primed HT-29 cells. (H) Relative levels of IL-17, IL-23, IL-1β and p-p65. The results are presented as
mean ± SD (n = 3). **P < 0.01, compared with control group; #P < 0.05, ##P < 0.01, compared with the LPS group.
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40 mg/kg showed a significant increase in the levels of
Claudin-1 compared with the DSS group (P < 0.05, P < 0.01).
However, no effect was documented when andrographolide
was tested at doses of 10 mg/kg. In addition, the in vitro
experiment also showed that andrographolide treatment at
concentrations of 10, 20, and 40 μM counteracted the barrier
impairment induced by LPS in HT-29 cells, showing an
increased protein expressions of Occludin-1 and Claudin-1
(p < 0.01, Figures 2C,D).

3.3 Andrographolide suppressed
inflammatory factors both in vivo and in vitro

MPO, the main component of neutrophils, is a heme protein
synthesized during the differentiation process of granulocytes. To
detect neutrophil infiltration into the intestine, we detected the
expression of MPO in colon tissue. The result of Figure 3A
showed that there were more yellow stained particles in the
intestinal mucosa of DSS group mice compared to the normal

FIGURE 4
Andrographolide inhibited oxidative stress. Effect of andrographolide on the content of MDA (A), the activity of GSH (B) and SOD (C) level in the
colonic tissues. The data are presented as mean ± SD (n = 5). ***P < 0.001, compared with control group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared
with the DSS group. (D) Representative images of ROS level in HT29 cells.
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FIGURE 5
Andrographolide activated the Nrf2/HO-1 signaling pathway. (A) The protein expressions of Nrf2 and HO-1 in mice colon tissues. (B) Relative levels
of Nrf2 and HO-1 expressions. The results are presented as mean ± SD (n = 3). **P < 0.01, compared with control group; ##P < 0.01, compared with the
DSS group. (C) The protein expressions of Nrf2 and HO-1 in LPS primed HT-29 cells. (D) Relative levels of Nrf2 and HO-1 expressions. The results are
presented as mean ± SD (n = 3). **P < 0.01, compared with control group; #P < 0.05, ##P < 0.01, compared with the LPS group.
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group, indicating an increase in neutrophil infiltration after DSS
treatment. As the treatment with different doses of andrographolide,
the number of yellow stained particles gradually decreased,
suggesting that andrographolide can reduce neutrophil infiltration.

LPS is a large molecular bacterial endotoxin that can serve as an
indicator of intestinal permeability. Due to the destruction of the
intestinal mucosa in colitis mice, the large molecule bacterial
product LPS can enter the bloodstream, leading to long-term

stimulation of the immune system and intestinal inflammation.
In this study, after DSS treatment, the levels of serum LPS
significantly increased (P < 0.01). While andrographolide at the
dose of 20 mg/kg and 40 mg/kg significantly reduced serum LPS
levels (P < 0.01) (Figure 3B).

We also determined the effect of andrographolide on the IL-23/
IL-17 axis. As shown in Figures 3C–E, the protein and mRNA
expressions of IL-23 and IL-17 were higher in mice of the DSS group

FIGURE 6
Inhibition of Nrf2 abolished the protective effects of andrographolide in DSS-induced colitis mice. (A) body weight. (B) Representative images of the
colon. (C)Colon length. (D) Pictures of H&E staining (amplification 100, bar = 100 μM). (E–G) ThemRNA levels of Occludin-1, Claudin-1, and ZO-1 inmice
colon tissues. (H) The protein expressions of Occludin-1, Claudin-1, and ZO-1 in mice colon tissues. (I) Quantitation of the expression of Occludin-1,
Claudin-1, and ZO-1 protein. The data are presented as mean ± SD (n = 3–10). *P < 0.05, **P < 0.01.
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than those of the control group (P < 0.001, P < 0.01, P < 0.05).
Nevertheless, the expression of IL-17 was notably reduced by
andrographolide (20 and 40 mg/kg) (P < 0.05, P < 0.01) and the
expression of IL-23 was decreased in mice treated with high dose of
andrographolide (P < 0.01, P < 0.05). The mRNA levels of the pro-
inflammatory cytokines IL-1β, IL-6 and TNF-α were significantly
higher in the DSS group than in the control group (P < 0.01).
Compared with the DSS group, andrographolide treatment at
different doses conspicuously attenuated the levels of IL-1β, IL-6,
and TNF-α (P < 0.05, P < 0.01) (Figure 3F). In addition, as shown in
Figures 3G,H, the in vitro experiment showed that the increased
protein expressions of IL-17, IL-23, IL-1β, and p-p65 in LPS-primed
HT-29 cells were sharply reduced by andrographolide at different
doses (P < 0.05, P < 0.01). These data suggest that andrographolide
plays a vital anti-inflammatory role in colitis.

3.4 Andrographolide inhibited oxidative
stress in vivo and in vitro

Oxidative stress is a crucial factor in the progression of colitis. In
order to examine the impact of andrographolide on oxidative stress,
we analyzed the levels of MDA, as well as antioxidant enzymes such
as SOD and GSH. As shown in Figures 4A–C, the level of MDA was
elevated in colonic tissues of DSS-inducedmice, whereas the levels of
SOD and GSH were strikingly reduced compared to the control
group (P < 0.001). Administration of andrographolide increased
MDA level at doses of 20 and 40 mg/kg and decreased SOD and
GSH levels at doses of 10, 20, and 40 mg/kg. In addition, DCFH-DA
prob indicated that LPS elevated the level of ROS in HT-29 cells.
However, treatment with andrographolide remarkably reversed
these effects (Figure 4D).

3.5 Andrographolide activated the Nrf2/HO-
1 signaling pathway in vivo and in vitro

To investigate the regulation of andrographolide on the Nrf2/
HO-1 signaling pathway, the Western blot experiment was
performed. The result showed that DSS exposure decreased the
protein expressions of Nrf2 and HO-1 (P < 0.01). In contrast,
treatment with different doses of andrographolide observably
increased the expressions of Nrf2 and HO-1 compared with the
DSS group in vivo (P < 0.01, Figures 5A,B). The in vitro experiment
also demonstrated that HT-29 cells treated with LPS exhibited
significantly reduced levels of Nrf2 and HO-1 (P < 0.01), while
different concentrations of andrographolide (10, 20, 40 μM)
treatment upregulated the expressions of Nrf2 and HO-1 (P <
0.05, P < 0.01, Figures 5C,D).

3.6 Inhibition of Nrf2 abolished
andrographolide-mediated improvement in
vivo and in vitro

To further confirm whether andrographolide protects against
colitis through the Nrf2/HO-1 pathway, ML385, an inhibitor of
Nrf2, was applied to co-treat in vivo and in vitro. As demonstrated in

FIGURE 7
Inhibition of Nrf2 attenuated the protective effects of
andrographolide on inflammatory factors and oxidative stress through
Nrf2/HO-1 pathway in DSS-induced colitis mice. (A, B) The level of
MDA and SOD. (C, D) The mRNA levels of IL-17 and IL-23 in mice
colon tissues. (E) The protein expressions of IL-17, IL-23, Nrf2 andHO-
1 in mice colon tissues. (F) Quantitation of the expression of IL-17, IL-
23, Nrf2, and HO-1 protein. The data are presented as mean ± SD (n =
3–5). *P < 0.05, **P < 0.01.
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Figures 6A–I, compared with the andrographolide group,
ML385 co-treatment could antagonize the effect of
andrographolide on DSS-induced colitis including body weight,
colon length, pathological changes and tight junction proteins of
the colon. Meanwhile, co-treatment with ML385 attenuated the
protective effects of andrographolide on inflammatory factors IL-17
and IL-23 and oxidative stress (Figures 7A–F). The results
confirmed that Nrf2 levels in DSS-induced colitis were reduced
after co-treatment with ML385, and subsequently the upregulated
effect of andrographolide on HO-1 was also abolished by ML385
(Figures 7E,F). In vitro experiments also showed that
ML385 eliminated inflammatory factors and NF-κB reduced by
andrographolide treatment in HT29 cells treated with LPS (Figures
8A,B). Overall, these results indicated that andrographolide
suppressed inflammatory factors and attenuated oxidative stress
through the Nrf2/HO-1 signaling pathway.

4 Discussion

As an intractable disease in modern clinics, UC represents a
grievous threat to human health (Gros and Kaplan, 2023).
Inflammatory response of intestinal mucosa is a significant
pathologic feature of UC. Researches show that IL-23/IL-17 axis
may play a crucial role in the pathogenesis of UC (Dragasevic
et al., 2018). During intestinal inflammation, intestinal bacterial
antigens stimulate the antigen-presenting cells to secrete pro-
inflammatory cytokines such as IL-23. Under its influence, CD4+

T cells are activated through the STAT3 pathway to control the
differentiation of helper T cells into Th17 cells, and induce the
expression of IL-17 gene and secretion of IL-17. IL-17 has a
powerful ability to recruit and activate neutrophils, and stimulate

fibroblasts, endothelial cells and macrophages to secrete various pro-
inflammatory cytokines such as TNF-α, IL-1β and IL-6. In a normal
intestinal environment, the primary role of Th17 cells may be
protective, but in the pathogenesis of UC, highly expressed IL-23
activates the pathogenicity of IL-17, causing severe tissue damage in
the intestine (Bunte and Beikler, 2019). Oxidative stress is also an
important factor associated with the UC progression (Roessner et al.,
2008). Oxidative stress refers to the process by which excessive free
radicals or other reactive oxygen species present in the intracellular
and extracellular environments leading to damage to cell structure
and function (Schieber and Chandel, 2014). Free radicals are highly
reactive ions or molecules with unpaired electrons that can engage in
electron transfer reactions with other ions or molecules, leading to
negative effects like lipid peroxidation in cell membranes and
breakage of DNA (Gebicki, 2016). There is a close relationship
between oxidative stress and inflammatory response. On the one
hand, oxidative stress can induce inflammatory response, such as free
radicals that activate macrophages and T lymphocytes, promoting the
onset of inflammatory response. On the other hand, inflammatory
reactions can also cause oxidative stress, since signaling molecules
such as interleukin and tumor necrosis factor can stimulate NADPH
oxidase, generating large number of free radicals (Srivastava et al.,
2011; Lauridsen, 2019). In the inflamed region of the colon, elevated
levels of inflammatory mediators and decreased anti-inflammatory
factors result in the production and release of excessive ROS. This
process also diminishes the effectiveness of free radical scavenging
enzymes like SOD, ultimately leading to a continuous accumulation of
ROS. Oxidative stress causes damage to the colonic mucosal barrier,
which is a potential pathogenic factor in UC (Pereira et al., 2015). This
study found that andrographolide reduced the levels of IL-23 and IL-
17, further suppressing the neutrophil infiltration and secretion of
inflammatory factors TNF-α, IL-1β, and IL-6. Meanwhile,

FIGURE 8
Inhibition of Nrf2 attenuated the protective effects of andrographolide on inflammatory factors. (A) The protein expressions of IL-1β, IL-17, IL-23,
and P-p65 in HT29 cells. (B) Quantitation of the expression of IL-1β, IL-17, IL-23, and P-p65 protein. The data are presented as mean ± SD (n = 3). *P <
0.05, **P < 0.01.
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andrographolide can significantly lower MDA, increase SOD and
GSH activity, reduce intestinal mucosal oxidative stress, further
inhibit inflammatory response, alleviate the symptoms of model
mice, improve intestinal mucosal pathology, upregulate the levels
of Claudin-1, ZO-1, and Occludin-1, and restore intestinal barrier
function. This result indicates that andrographolide has a protective
effect on intestinal mucosal barrier, which may be related to the
inhibition of inflammatory response and oxidative stress.

The signaling pathway known as Nrf2/HO-1 is the major
defense against oxidative damage (Loboda et al., 2016).
Nrf2 serves as a vital regulator of cellular redox balance and is a
pivotal player in responding to oxidative stress (Kensler et al., 2007).
It can respond to exogenous damage and pathogenic molecules.
During the physiological state, Nrf2 is primarily located in the
cytoplasm and interacts with Keap1, which is in a suppressed
condition. Upon activation by signals of oxidative stress, it
quickly dissociates from Keap1 and translocates to the nucleus in
a stable form to initiate antioxidant response elements (ARE) (Kang
et al., 2004; Kobayashi and Yamamoto, 2006). Upon binding to ARE,
transcription and translation of numerous genes downstream are
initiated, upregulating the expression of antioxidants and alleviating
oxidative stress responses caused by variety of damage agents (Baird
and Dinkova-Kostova, 2011). HO-1, an enzyme that limits rates for

heme breakdown, is found in various tissues and provides cell
protection. More importantly, it is essential in responding to
stress conditions (Cheng et al., 2015). As an inducible protein, it
can increase exponentially when the body is in a stressful
environment of ischemia and hypoxia. HO-1 and its metabolites
have been reported to have significant antioxidant effects
(Mahmoud et al., 2018). The main antioxidant effect of HO-1 is
attributed to two key factors: firstly, HO-1 inhibits the involvement
of free heme from in oxidative processes, and secondly, it
collaborates with its breakdown byproducts, CO and bilirubin, to
enhance its antioxidant and anti-inflammatory properties
(Kongpetch et al., 2012). HO-1 is predominantly found in
epithelial cells of the intestinal mucosa, where it serves to
safeguard the intestinal mucosa by decreasing the infiltration of
inflammatory cell (Paul et al., 2005). The pathway Nrf2/HO-1 is a
vital antioxidant stress response pathway that plays a significant role
in different areas, including the response to inflammation and the
restoration of mucosal tissue (Zheng et al., 2023). Knockout of
Nrf2 has been shown to exacerbate colon injury in mice. Nrf2−/−

mice were highly susceptible to DSS-induced UC because it could
reduce antioxidant enzymes such as HO-1 and increase
inflammatory factors like IL-6, TNF-α, and activation of
Nrf2 could exert a protective effect on the colon (Khor et al.,

FIGURE 9
The protective effect of Andrographolide against ulcerative colitis by suppressing oxidative stress and inflammation through activation of the Nrf2/
HO-1 pathway.
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2006; Osburn et al., 2007). The study demonstrated a significant
decrease in the levels of Nrf2 and HO-1 proteins and mRNA in the
colon tissue of colitis mice. After intervention with andrographolide,
there was a noticeable increase in the expression of Nrf2 and HO-1.
Following the administration of ML385, the impact of
andrographolide was diminished, suggesting a close correlation
between the Nrf2 signaling pathway and the pathogenesis of UC.
To conclude, the suppressive effect of andrographolide on oxidative
stress and inflammatory response in UC may be linked to the
stimulation of the Nrf2/HO-1 signaling pathway and the
restoration of the balance of the oxidative stress system.

5 Conclusion

In summary, andrographolide can alleviate symptoms such as
diarrhea and bloody stools in DSS induced colitis, repair damaged
intestinal mucosal barriers, inhibit inflammatory factors and counteract
oxidative stress responses. Moreover, andrographolide treats UC by
activating the Nrf2/HO-1 signaling pathway. It was also discovered that
the Nrf2 inhibitor ML385 eliminated the improvement effect of
andrographolide on UC, indicating that the efficacy of
andrographolide on reducing oxidative stress and improving UC
symptoms is mainly through the Nrf2/HO-1 pathway (Figure 9).
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