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Ulcerative colitis (UC) is a chronic inflammatory bowel disorder of the large
intestine. Previous studies have indicated that the gut microbiota plays an
important role in the triggers, development, and treatment response of UC.
Natural active molecules and their nanoformulations show huge potential for
treating UC. The nanoparticles can regulate the gut microbiota and metabolites,
whereas gut microbiota-mediated effects on nanomedicines can also bring
additional therapeutic benefits. Therefore, this review aims to integrate current
research on natural active molecule-based nanomedicines for UC therapy and
their interaction with the gut microbiota. Here, this discussion focuses on the
effects and functions of gut microbiota and metabolites in UC. The use of active
molecules and the nanoformulation from natural compounds for UC therapy have
been provided. The interactions between the gut microbiota and nanomedicines
are derived from natural products and elucidate the possible biological
mechanisms involved. Finally, the challenges and future directions for
enhancing the therapeutic efficacy of nanomedicine in treating UC are proposed.
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1 Introduction

Inflammatory bowel disease (IBD) is a group of chronic inflammatory disorders of the
gastrointestinal tract with high recurrence and a long course. Ulcerative colitis (UC) is the
most common large intestine IBD that causes mucosal inflammation and a dysregulated
immune response, resulting in bloody stool and diarrhea (Gajendran et al., 2019). The
incidence of UC has increased, and it has become a major worldwide public health concern.
The highest incidences of UC have been reported in Northern Europe (24.3 per 100,000) and
Canada (19.2 per 100,000). Moreover, its increasing prevalence among the young population
is concerning (Ng et al., 2017). UC, being a chronic condition that lasts a lifetime, imposes
substantial costs and creates a global healthcare burden (Du and Ha, 2020).
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The drug treatments for UC (aminosalicylic acid,
immunomodulators, corticosteroids, and monoclonal antibodies)
provide only temporary relief with side effects and drug resistance
(Bischoff et al., 2023). Therefore, there is an urgent need to identify
better therapeutics, especially those targeted in the inflamed colon with
low side effects. Natural product molecules have been reported to be
effective in treating UC based on high anti-inflammatory effects and
well-known safety. The presence of nano-delivery systems increases the
effectiveness of natural bioactive molecules by enhancing their stability
and solubility and providing a platform for their delivery to the
inflamed part of the intestine (Zhang and Merlin, 2018).

Uncertainty surrounds the pathogenesis of UC, which may be
related to the host genes, environment, immune dysregulation, and gut
microbiota (Kudelka et al., 2020). Early studies reveal that the symbiotic
microorganisms living in the intestinal tract play a crucial role in the
triggers, development, and treatment response of UC. In UC, the gut
microbiota exhibited reduced abundance and diversity, specific taxa
changes, and alteredmicrobial metabolites (Caruso et al., 2020). Natural
products show great therapeutic potential against UC. The review has
focused on using natural products and nanoformulation in treatingUC.
Due to their high stability and bioavailability, nanoparticles offer a
promising UC treatment platform (Zu et al., 2021).
Nanoparticle–microbiota interactions should be considered when
using nanoparticles in UC treatment to improve UC therapy.

Alterations in the gut microbiome associated with UC are
discussed in this review, as well as the use of natural products and
nanomedicines in treating UC. Finally, the recent progress in
nanomedicines based on natural products for interactions with the
gut microbiota is being investigated as a potential new therapeutic
approach against UC. This work could potentially promote the
development and application of nanotechnology in intestinal diseases.

2 The alteration of the gut microbiota
and metabolites in UC

The gut microbiota plays critical physiological roles in host
metabolism and metabolic disorders. Previous studies have
indicated that there is an association between the dysfunction of
the gut microbiota and the occurrence and aggravation of UC
(Table 1). The changes in the intestinal microbiota could lead to
the fluctuation of the composition and concentration of metabolites
(Rooks and Garrett, 2016).

2.1 The normal gut microbiota

The gut microbiota is a complex community of microorganisms
that reside in the gastrointestinal tract and consist of thousands of
microorganisms, including bacteria, viruses, and a few eukaryotes
(Passos and Moraes-Filho, 2017). Two major phyla, namely,
Bacteroidetes and Firmicutes, followed by Proteobacteria,
Fusobacteria, Tenericutes, Actinobacteria, and Verrucomicrobia,
constituted 90% of the total microbial population in the normal
human gut microbiota (Jethwani and Grover, 2019). Bacteroidetes
include Bacteroides, Prevotella, Parabacteroides, and Alistipes.
Firmicutes consist of Faecalibacterium, Clostridium, Eubacterium,
Roseburia, Blautia, Lactobacillus, and Ruminococcus (Miquel et al.,

2015; Mukherjee et al., 2020). In normal conditions, the gut
microbiota interacts with the host and plays beneficial roles for
the host. The gut environment promotes microbial community
growth, reproduction, and longevity (Browne et al., 2016).
Maintaining a healthy gut microbiota is essential for a symbiotic
relationship with the host. However, there is no “gold standard”
reference to the human gut microbiota capable of promoting host
metabolic health.

2.2 The connections between the gut
microbiota and UC

Multiple studies have shown that UC patients have decreased
intestinal microbial diversity and abundance, an increase in the pro-
inflammatory bacteria community, a decrease in the anti-
inflammatory bacteria community (Burrello et al., 2018), and an
expansion and penetration of pathogens (Guo et al., 2020).
Firmicutes are related to the protective function of the intestinal
barrier. The gut microbiota is characterized by low diversity and
abundance of Firmicutes in UC patients. Roseburia hominis and
Faecalibacterium prausnitzii decreased in UC patients compared to
the controls (Machiels et al., 2014; Knoll et al., 2017; Dahal et al.,
2023). F. prausnitzii, a member of the Clostridium leptum cluster,
promotes intestinal health by stimulating the production of
regulatory T cells and anti-inflammatory cytokines, thereby
exhibiting a protective effect (Ohkusa and Koido, 2015). A
decrease in the abundance of Eubacterium rectale, Clostridium
butyricum, Ruminococcus albus, Lactobacillus, and some
unclassified members of the Lachnospiraceae families was found
in UC patients (Fite et al., 2013; Mar et al., 2016; Ryan et al., 2020).
Bacteroides spp. inhibit the outer mucosal layer of the colon and
have significant functions in the digestion of complex carbohydrates.
Bacteroides, including B. coprocola, B. uniformis, B. cellulosilyticus,
and B. intestinalis, were significantly reduced in UC patients,
especially during an active phase (Ishikawa et al., 2018; Nomura
et al., 2021). Polysaccharide A, expressed on the surface of
Bacteroides fragilis, promotes regulatory T-cell growth and
cytokine expression, protecting UC (Zhou and Zhi, 2016).
However, B. vulgatus disrupts colonic epithelial integrity
correlated with the onset of UC caused by increased serine or
cysteine proteases (Mills et al., 2022).

In clinical trials, an imbalance in intestinal flora in UC patients is
accompanied by an elevated abundance of Proteobacteria. For
instance, Enterobacteriaceae and Desulfovibrionaceae are potent
stimulators of inflammation (Shin et al., 2015). Known
pathobionts, such as Escherichia coli, were enriched in UC patients
(Knoll et al., 2017). In addition, Lavelle et al. demonstrated changes in
mucolytic bacteria in UC patients. Akkermansia muciniphila, a
species that utilizes colonic mucin as its substrate, was found to be
reduced (Lavelle et al., 2015). Studies on humans and mice have
shown that probiotics, specifically Lactobacillus and Bifidobacterium,
may be a promising administration option for UC (Chibbar and
Dieleman, 2015). The genus Adlercreutzia was decreased in UC.
Adlercreutzia can affect the metabolism of phenolic compounds,
thus reducing the antibacterial and anti-inflammatory effects of
phenols (Galipeau et al., 2021). There are reports of a decrease in
Verrucomicrobia, Roseburia, and Akkermansia, and an increase in
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TABLE 1 Alteration of the gut microbiota and/or metabolites in UC in the past 10 years.

Sample type Sample size Method Major altered microbiota and/or
the metabolites

Reference

Colonoscopic biopsy
specimens

33 patients with UC and
18 healthy controls

Quantitative real-time PCR Enterobacteria, Desulfovibrio, type E
Clostridium perfringens, and Enterococcus
faecalis↑; and Clostridium butyricum,

Ruminococcus albus, Eubacterium rectale,
Lactobacillus and Bifidobacterium↓

Fite et al. (2013)

Fecal samples 127 patients with UC and
87 healthy controls

PCR-DGGE and real-time PCR/gas
chromatography–mass spectrometry

Roseburia hominis and Faecalibacterium
prausnitzii↓, and propionic acid and acetic

acid↓

Machiels et al. (2014)

Fecal samples 44 patients with UC and
21 healthy controls

1H nuclear magnetic resonance (NMR)
spectroscopy

Butyrate and propionate↓ Bjerrum et al. (2015)

Luminal, mucosal, and
mucus gel samples

five patients with UC and
four healthy controls

16S rRNA profiling targeting the
V4 region

Bacteroidaceae and Akkermansiaceae ↓ Lavelle et al. (2015)

Clostridiaceae, Peptostreptococcaceae,
Enterobacteriaceae, Ruminococcaceae,

Bifidobacteriaceae, Actinomycetaceae, and
an uncultured member of the

Prevotellaceae family↑

Fecal samples 30 patients with UC and
13 healthy controls

16S rRNA profiling targeting the
V4 region

α-diversity↓; specific Bacteroides, Prevotella
species, and unclassified members of the

families Lachnospiraceae and
Ruminococcaceae↓; and

Mar et al. (2016)

Streptococcus, Bifidobacterium, and
Enterococcus genera ↑

Fecal samples six patients with UC and six
healthy controls

Metagenomic sequencing Species richness and diversity↓ Knoll et al. (2017)

Eubacterium rectale and Faecalibacterium
prausnitzii↓

Escherichia coli↑

Fecal samples 82 patients with UC and
51 healthy controls

LC-QTOF-MS analysis Biogenic amines (putrescine and
cadaverine)↑

Santoru et al. (2017)

Fecal samples 27 patients with UC and
25 healthy controls

hsp60-based microbiome analysis Bacteroidetes OTU number and species
diversity↓

Ishikawa et al. (2018)

Bacteroidaceae↓

Porphyromonadaceae↓

Prevotellaceae↑

Sphingobacteriales↑

Fecal samples 51 patients with UC and
73 healthy controls

Bar-coded 16S rRNA amplicon
sequencing

Alpha diversity↓ Zhou et al. (2018)

Bacteroidetes (Bacteroidia)↑

Pseudomonadaceae↑

Streptococcus↑

Proteobacteria phylum and Bacilli class ↑

Clostridiales↓

Colonoscopic biopsy
specimens

40 patients with UC and
40 healthy controls

16S rRNA with gene-targeted and
species-specific amplicon sequencing

Faecalibacterium prausnitzii↓ Al-Bayati et al. (2018)

Prevotella↓

Peptostreptococcus↓

Colonoscopic biopsy
specimens

26 patients with UC and
27 healthy controls

High-throughput 16S rDNA
sequencing

Bacteroidetes↓ Jalanka et al. (2020)

Peptostreptococcaceae and
Enterobacteriaceae↑

(Continued on following page)
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potential pathogens containing Streptococcus and Enterococcus in UC
patients (McIlroy et al., 2018). Disorders of the intestinal flora are
closely related to UC. However, the specific bacteria related to the
development of UC remain unknown. According to the available
evidence, structural and diversity changes in the gut microbiota may
play a crucial role in UC progression.

2.3 The metabolites of the gut microbiota
associated with UC

Certain microbial-derived metabolite classes, specifically short-
chain fatty acids (SCFAs), bile acids, and indole compounds, are
associated with the pathogenesis and progression of UC. In UC
patients, SCFAs have a negative correlation with disease
progression. Bjerrum et al. found that SCFA (propionic acid and
butyric acid) contents of the intestines in UC patients were
decreased (Bjerrum et al., 2015). Machiels et al. reported that
propionic acid and acetic acid decreased in the fecal matter of

UC patients (Machiels et al., 2014). SCFAs, produced from
fermentable non-digestible carbohydrates, serve as an energy
source for the host and demonstrate anti-inflammatory effects
(Parada Venegas et al., 2019). Butyrate is the preferred energy
substrate for colonocytes. The molecular mechanisms involved in
the anti-inflammatory effects are due to NF-κB and interferon-γ
signaling inhibitor activity. F. prausnitzii is one of the most
abundant butyrate-producing species (Lenoir et al., 2020). Li
et al. showed that butyric acid and propionic acid could affect
the secretion of inflammatory factors, inhibiting IL-8 and increasing
IL-33 (Li et al., 2021). Acetate promotes mucosal homeostasis by
inducing T-cell-dependent IgA production and modulating
commensal bacterial composition (Takeuchi et al., 2021). During
intestinal growth, A. muciniphila, the mucin-degrading bacteria, can
produce acetate and propionate (Bian et al., 2019). Current
knowledge supports that SCFAs can also regulate the expression
of genes involved in energy metabolism, promote the proliferation of
epithelial cells, and maintain the colonic epithelial barrier
(Hosseinkhani et al., 2021).

TABLE 1 (Continued) Alteration of the gut microbiota and/or metabolites in UC in the past 10 years.

Sample type Sample size Method Major altered microbiota and/or
the metabolites

Reference

Colonoscopic biopsy
specimens

80 patients with UC and
31 healthy controls

16S rRNA V3–V4 amplicon
sequencing

Microbiota diversities↓, Anaerostipes
hadrus, and an unclassified species of the
Lachnospiraceae↓

Ryan et al. (2020)

Gemmiger formicilis↓

Bacteroides dorei and Bacteroides vulgatus↑

Fecal samples 10 patients with UC and
10 healthy controls

16S rRNA gene sequencing Microbiome diversity↓ Zakerska-Banaszak et al.
(2021)

Proteobacteria, actinobacteria, and
candidate division TM7 ↑

Bacteroidetes and Verrucomicrobia↓

Fecal samples 13 patients with UC and
48 healthy controls

Shotgun metagenomics Alpha diversity↓ Galipeau et al. (2021)

Adlercreutzia equolifaciens↓

Bilophilas↓

Bifidobacterium↓

Colonoscopic biopsy
specimens

52 patients with UC and
34 healthy controls

HSP60 as a target in bacterial
metagenome analysis

Alistipes putredinis, Bacteroides
coprocola, Bacteroides
uniformis, Bacteroides
cellulosilyticus, Bacteroides intestinalis,
and Parabacteroides goldsteinii↓

Nomura et al. (2021)

Fecal samples 32 patients with UC and
23 healthy controls

UPLC-MS Deoxycholic acid and lithocholic acid↓ Yang et al. (2021)

Fecal samples 46 patients with UC and
36 healthy controls

16S rRNA V3–V4 amplicon
sequencing

Alpha diversity↓, and Bifidobacterium
adolescentis and Haemophilus
parainfluenzae ↑

Barberio et al. (2022)

Akkermansia muciniphila and Coprococcus
eutactus↓

Fecal samples 4 patients with UC and
10 healthy controls

16S rRNA metagenomic sequencing Faecalibacterium prausnitzii and
Prevotella sp.↓

Dahal et al. (2023)

Ligilactobacillus ruminis↑

Enterococcus faecium, Enterococcus faecalis,
and Escherichia coli↑
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TABLE 2 Well-known natural products and nanoformulation with a protective effect in UC.

Natural product/nano formulation Modeling Therapeutic effects Reference

Kaempferol DSS-induced colitis in C57BL/6J mice Modulates inflammatory biomarkers and protects
colonic mucosa

Park et al. (2012)

Quercetin Caco-2 cells Enhances the expression of zona occludens (ZO)-2,
occludin, and claudin-4

Suzuki and Hara (2009)

Isorhamnetin DSS-induced colitis in C57BL/6J mice Promotes MPO activity and inhibits TNF-α and
IL-6 levels

Dou et al. (2014)

Epigallocatechin gallate (EGCG) DSS-induced colitis in C57BL/6J mice Enriches short-chain fatty acid (SCFA)-producing
bacteria

Wu et al. (2021)

Curcumin Patients with UC Prevents the relapse of UC Lang et al. (2015)

Resveratrol Patients with UC Reduces oxidative stress and inflammation Samsami-Kor et al. (2015)

Juglone DSS-induced colitis in ICR mice Regulates intestinal flora and Th17/Treg
homeostasis

Hua et al. (2021)

Tanshinone IIa DSS-induced colitis in C57BL/6J mice Regulates taurine and hypotaurine metabolism Zhu et al. (2022)

Geraniol DSS-induced colitis in C57BL/6J mice Reduces pro-inflammatory cytokine content and
myeloperoxidase activity, and restores the

decreased antioxidant parameters

Medicherla et al. (2015)

Cyclocitane-type triterpenoids DSS-induced colitis in C57BL/6J mice Inhibit cyclooxygenase, 5-lipoxygenase, and
protein denaturation

Marius et al. (2020)

Oxymatrine DSS-induced colitis in BALB/c mice Promotes anti-inflammatory and pro-apoptotic
activities, and downregulates the differentiation of

Th1 and Th17 cells

Chen et al. (2017)

Berberrubine DSS-induced colitis in C57BL/6J mice Recognizes bitter taste receptors on intestinal tuft
cells and promotes the differentiation of intestinal

stem cells

Xiong et al. (2021)

Pectic polysaccharides AL-I from Aconitum
carmichaelii leaves

DSS-induced colitis in C57BL/6 mice Alleviate the symptoms, improve the levels of
serum and colonic inflammatory markers, and
restore the gut microbiota and metabolites

Fu et al. (2022)

Inulin DSS-induced colitis in BALB/c mice Reduces weight loss and the DAI Qiao et al. (2022)

Inulin Patients with UC Increases the contents of colonic butyrate and the
abundance of Bifidobacteriaceae and

Lachnospiraceae

Valcheva et al. (2019)

Partially hydrolyzed guar gum 2,4,6-TNBS induced colitis in C57BL/
6 mice

Regulates the gut microbiota and decreases TNF-α
production and neutrophil infiltration

Takagi et al. (2016)

Nanoformulations of quercetin (QUE-B-GC
micelles)

DSS-induced colitis in C57BL/6J mice Suppress TNF-α, IL-6, and iNOS Shen et al. (2021)

Nanoformulations of quercetin (QSFN) DSS-induced colitis in C57BL/6J mice Reduce the expression of pro-inflammatory
cytokines (Tnf-α, Il-1β, Il-6, Mcp-1, Icam-1, Nlrp3,

and iNOS)

Diez-Echave et al. (2021)

Nanoformulations of silybin Acetic acid-induced colitis in rats Reduce TNF-α, IL-6, and MPO activity Varshosaz et al. (2015)

Nanoformulations of curcumin (PCur) DSS-induced colitis in C57BL/6J mice Ameliorate the inflammatory progression Qiao et al. (2017)

Nanoformulations of curcumin DSS-induced colitis in ICR mice Reduce inflammation-related symptoms Oshi et al. (2020)

Nanoformulations of curcumin (P-CUR/
CAT-NPs)

DSS-induced colitis in FVB male mice Inhibit the secretion of major pro-inflammatory
cytokines

Huang et al. (2021a)

Nanoformulations of embelin (LNE) Acetic acid-induced colitis in Wistar
rats

Decrease MPO, LDH, and LPO levels Badamaranahali et al.
(2015)

Nanoformulations of embelin DNBS-induced colitis in Wistar rats Promote antioxidant and anti-inflammatory effects Sharma et al. (2018)

Nanoparticles derived from edible ginger
(GDNPs 2)

DSS-induced colitis in FVB/NJ mice Decrease pro-inflammatory cytokines and increase
anti-inflammatory cytokines

Zhang et al. (2016)

(Continued on following page)
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The bile acids are the final metabolites of cholesterol in the liver.
Specific gut microbes convert primary bile acids into secondary bile
acids (SBAs) once they reach the colon. Yang et al. showed that the
concentration of SBAs (deoxycholic acid and lithocholic acid) in the
feces of UC patients was significantly lower than that of controls and
positively associated with Roseburia, Clostridium IV, Butyricicoccus,
and Faecalibacterium (Yang et al., 2021). Lajczak-McGinley et al.
showed that SBAs could relieve inflammation by reducing the
production of pro-inflammatory factors and inhibiting the
apoptosis of intestinal epithelial cells (Lajczak-McGinley et al.,
2020).

Indole compounds are ligands for endogenous aromatic
receptors (AhR), which are the products of tryptophan
metabolism by Lactobacillus and Allobaculum. Stimulation of the
AhR signaling pathway increases IL-22 secretion and tight junction
protein production, suggesting that indole compounds can protect
the intestinal mucosal barrier (Sugimoto et al., 2016). After
inoculating DSS mice with three Lactobacillus strains with high
tryptophan metabolic activity, the AhR ligands were upregulated,
and there was an increase in anti-inflammatory cytokine (IL-10)
production and tight junction proteins (Shi et al., 2020).

The metabolism of indigestible nitrogen components in the diet
can produce bioamines. An increase in intestinal inflammatory
infiltration is associated with UC progression, and amines in the
colon are derived mainly from the metabolism of indigestion-related
proteins by intestinal flora. In a clinical study, fecal samples were
analyzed using metabolomics and metagenomics. Putrescine and
cadaverine were significantly higher in UC patients than in healthy
people, suggesting putrescine and cadaverine may promote the
occurrence of UC (Santoru et al., 2017). In an in vitro culture of
Caco-2 and T84 cells, putrescine was observed to disrupt epithelial
tight junctions, and putrescine intervention increased colon
inflammation in DSS mice (Ghosh et al., 2021).

3 The well-known natural products and
their nanoformulation for UC treatment

Natural products (NPs), specifically those derived from plants,
are chemical molecules with abundant biological or pharmacological
activities. Due to their high activity, structural specificity, and
diverse therapeutic mechanisms, NPs have gradually become an
essential source of anti-inflammatory drugs for treating UC
(Table 2) (Cao et al., 2022). However, in actual application, most

NPs are restricted by poor solubility, stability, solubility, and lack of
targeting specificity (Rajendran et al., 2021). Due to the solubility
and stability of the NPs, which target the delivery of NPs to the
colon, nano-drug delivery systems show great potential.

3.1 The well-known NPs with therapeutic
effects in experimental UC models

Flavonoids have health-promoting properties and exhibit a wide
range of biological activities (Xue J. et al., 2023). Several studies have
shown that flavonoids have antioxidant and anti-inflammatory
activities and are effective in treating UC. Park et al. indicated
that kaempferol may reduce UC symptoms in mice with DSS-
induced UC by modulating inflammatory biomarkers and
protecting the colonic mucosa through arachidonic acid
metabolism (Park et al., 2012). Quercetin has strong antioxidant
activity and may improve intestinal inflammation by inhibiting cell
apoptosis. Suzuki et al. demonstrated that quercetin enhances
intestinal barrier function by increasing the expression of zona
occludens--2, occludin, and claudin-4, thereby playing a crucial
role in treating UC (Suzuki and Hara, 2009). Dou et al.
demonstrated that isorhamnetin ameliorates chemically induced
UC with its effects as a pregnane X receptor ligand.
Isorhamnetin also alleviates weight loss and histological damage,
promotes myeloperoxidase activity, and inhibits TNF-α and IL-6
levels (Dou et al., 2014). Epigallocatechin gallate (EGCG) has anti-
inflammatory effects and promotes colon barrier integrity in DSS-
induced UCmice. Utilizing fecal microbiota transplantation and the
sterile fecal filtrate, Wu et al. demonstrated that EGCG ameliorated
UC in a gut microbiota-dependent manner, specifically through
SCFA-producing bacteria such as Akkermansia (Wu et al., 2021).
The intake of isoflavones may alleviate UC-related clinical
symptoms, particularly in reducing abdominal pain, suggesting
that isoflavones could be a beneficial addition to the diets of UC
patients (Skolmowska et al., 2019).

Non-flavonoid polyphenols, which have strong anti-
inflammatory and antioxidant properties, are among the
important secondary metabolites in plants and the most relevant
natural antioxidants for humans. The polyphenol extracts from
mature Pu-erh tea can alleviate colitis in mice, as shown by
reduced pro-inflammatory cytokines and macrophage infiltration,
and significant increases in the content of SCFAs and the expression
of colonic peroxisome proliferator-activated receptor-γ (Huang

TABLE 2 (Continued) Well-known natural products and nanoformulation with a protective effect in UC.

Natural product/nano formulation Modeling Therapeutic effects Reference

Grape-derived exosome-like nanoparticles
(GELNs)

DSS-induced colitis in mice Regulate the renewal process of intestinal tissue Ju et al. (2013)

4-Aminothiophenol grafted onto carboxymethyl
inulin as a delivery system for budesonide

DSS-induced colitis in BALB/c mice Lowers the colon weight-to-length ratio and
reduces weight loss and the DAI values

Sun et al. (2018)

Presents the intact mucosal structure and reduces
inflammatory cell infiltration

Grafted polyacrylamide-grafted-xanthan gum
copolymer as nanocarriers for curcumin

Acetate-induced colitis in Wistar rats Decreases myeloperoxidase and nitrite contents,
and alleviates body weight loss and colonic

inflammation

Mutalik et al. (2016)
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et al., 2021a). Recent reports indicate that curcumin is a natural
polyphenol exhibiting strong anti-inflammatory effects. Nuclear
factor-κb (NF-κB) affects the mucosal inflammatory process of
UC. Several studies have shown that curcumin can alleviate UC
by inhibiting the expression of NF-κB (Wang et al., 2018). By
reducing oxidative stress and inflammation, supplementation
with resveratrol for 6 weeks improved disease clinical colitis
activity and the quality of life in UC patients (Samsami-Kor
et al., 2015).

Quinones are important secondary metabolites in plants.
Juglone, extracted from Juglans mandshurica, exhibits anti-
inflammatory activity, and can reduce the disease activity index
and improve the pathological characteristics of UC mice. Therefore,
it may protect mice against UC by regulating intestinal flora and
Th17/Treg homeostasis (Hua et al., 2021). Tanshinone IIa can
decrease DAI and histopathological scores, and the concentration
of serum pro-inflammatory factors in UC. Tanshinone IIa affects
UC in mice, specifically by regulating taurine and hypotaurine
metabolism (Zhu et al., 2022). Terpenoids are a class of naturally
occurring hydrocarbon compounds found widely in plants. Geraniol
treatment of UCmice significantly reduced the DAI score, increased
colon length, and reduced the pro-inflammatory cytokine content
and myeloperoxidase activity. In addition, geraniol treatment also
restored the decreased antioxidant parameters (Medicherla et al.,
2015). Marius et al. isolated cyclocane-type triterpenoids from
combretum fragrans. The effect of Combretin on UC induced by
dextran sulfate sodium was studied. The results showed that
Combretin effectively reduces DSS-induced colitis by inhibiting
cyclooxygenase, 5-lipoxygenase, and protein denaturation, thus
revealing the anti-inflammatory, antioxidative, and therapeutic
properties of Combretin (Marius et al., 2020).

Natural alkaloids, specifically those derived from medicinal
plants, exhibit a variety of pharmacological activities, including
anti-inflammatory properties and immune regulation. Alkaloids
from different sources have a significant inhibitory effect on UC.
Chen et al. found that oxymatrine (OMT) extracted from the root of
matrine has significant alleviating effects on UC. OMT improves UC
through anti-inflammatory, pro-apoptotic, and PI3K/AKT
pathways, suggesting that OMT is a promising drug for treating
UC (Chen et al., 2017). The effects of berberrubine on UC were
determined by the DSS-induced mouse model due to its anti-
inflammatory and antibacterial effects. The results showed that
berberrubine was found to recognize bitter taste receptors on
intestinal tuft cells and promote the differentiation of intestinal
stem cells to activate immune pathways (Xiong et al., 2021).

As functional carbohydrates, natural polysaccharides have a
significant effect in UC therapy. The pectic polysaccharides AL-I
from Aconitum carmichaelii leaves can alleviate the symptoms of
DSS-induced ulcerative colitis in mice and improve the levels of
serum and colonic inflammatory markers. The changes in the gut
microbiota and the metabolites were restored (Fu et al., 2022). Inulin
is an indigestible fructan mainly derived from Jerusalem artichoke
and chicory. Inulin promotes the health of DSS-treated mice by
reducing weight loss and the DAI (Qiao et al., 2022). Valcheva et al.
suggested an inulin intake of 15 g/d for 9 weeks induced health
benefits in UC patients (n = 13). Inulin increased the contents of
colonic butyrate and the abundance of Bifidobacteriaceae and
Lachnospiraceae in patients’ stool samples (Valcheva et al., 2019).

Guar gum is a polysaccharide derived from the seeds of guar beans.
Takagi et al. investigated the anti-inflammatory activities of partially
hydrolyzed guar gum against 2,4,6-TNBS-induced colitis. The guar
gum prevents colitis by regulating the gut microbiota (Clostridium
cluster XIVa, C. cluster IV, and Bacteroides fragilis) and decreasing
TNF-α production and neutrophil infiltration (Takagi et al., 2016).

3.2 Nanoformulations of NPs for UC
treatment

Ineffective bioavailability is the primary limitation to NPs for
treating UC. The advancement in nanoformulation procedures
reduces the limitations to bioactive molecules, such as
bioavailability, specificity, and solubility. Nanoformulations of
NPs offer new prospects for treating UC.

Quercetin has been reported as a successful application of
nanotechnology and has shown significant therapeutic potential
in UC models. Shen et al. synthesized a prodrug micelle of active
quercetin covalently linked to biocompatible ethylene glycol
chitosan through aryl borate as a responsive linker. The micelles
accumulated at the sites of intestinal inflammation and inhibited the
expression of typical inflammatory factors. This work aims to
improve the therapeutic efficacy of IBD by facilitating the
inflammation-targeted delivery and intestinal drug accumulation
of active single-agent quercetin (Shen et al., 2021). QSFN was
prepared using quercetin-loaded silk fibroin nanoparticles, and its
treatment showed intestinal anti-inflammatory properties in a
mouse DSS model of colitis compared with the control
group. QSFN significantly reduced UC disease activity index
values. Histological examination of colon specimens and analysis
of the expression of different pro-inflammatory cytokines in the
colon confirmed beneficial effects. These data suggest that QSFN
may be an attractive alternative therapy as a drug delivery system for
treating IBD, providing support for using its quercetin in
nanomedicine (Diez-Echave et al., 2021).

Silybin (SIL) is the primary and effective biological component
of silymarin. Nanoparticles containing aqueous silibinin were
prepared using Eudragit RL PO by solvent evaporative
emulsification. Nanoparticles improved symptomatic and
histopathological scores in UC. The nanoparticles significantly
reduced the activities of TNF-α, IL-6, and MPO in rats with
acetic acid-induced colitis compared to the control group
(Varshosaz et al., 2015). Khurana et al. reported that combining
silymarin and SeNP could attenuate experimentally induced colitis
in rats caused by trinitrobenzene sulfonic acid (TNBS). The
combination therapy showed better efficacy than SeNPs alone
(Khurana et al., 2019).

Curcumin in the nanoformulation can increase the therapeutic
effect. Qiao et al. synthesized an amphiphilic curcumin polymer
(PCur) consisting of the hydrophilic polyethylene glycol and a
hydrophobic curcumin linked by a disulfide bond. In the DSS-
induced IBDmouse model, oral administration of PCur ameliorated
inflammation progression in the colon and protected mice from
IBD. The PCur conjugate may be used as a colon-specific candidate
(Qiao et al., 2017). Oshi et al. reported the core–shell nanoparticles
consisting of curcumin nanocapsules and chitosan/alginate
multilayer films for UC. Compared to healthy tissues,
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nanoparticles preferentially accumulated in inflamed tissues, and in
a mouse colitis model, nanoparticles were more effective at reducing
inflammation-related symptoms (Oshi et al., 2020). Huang et al.
used pluronic F127 to co-encapsulate catalase curcumin with
functionalized polylactic acid-co-glycolic acid-based
nanoparticles. The nanoparticles are more effective than pure
natural active compounds at inhibiting the secretion of major
pro-inflammatory cytokines (Huang et al., 2021b).

Embelin is the major bioactive component with antioxidant and
anti-inflammatory activities derived from Embelia ribes Burm. f.
Embelin LNs were prepared using a liquid lipid carrier of soybean
oil/virgin coconut oil and a stabilizer of soybean/lecithin. The study
utilized a rat model to induce UC through acetic acid. The results
showed that embelin LN treatment reduced clinical activity and
macroscopic scores significantly. Embelin LN treatment can also
reduce MPO, LDH, and LPO levels (Badamaranahalli et al., 2015).
Embelin-loaded guar gum particles were prepared using an
emulsification technique. Due to its antioxidant and anti-
inflammatory effects, embelin pretreatment can prevent colitis
and improve its symptoms (Sharma et al., 2018).

Plant-derived nanoparticles can act as exosomes and participate
in cell-to-cell communication. Zhang et al. reported edible ginger
(GDNPs 2) nanoparticles. Nontoxic GDNPs 2 were predominantly
absorbed by the intestinal epithelial cells (Iecs) andmacrophages. The
administration of GDNPs 2 orally increased IEC survival and
proliferation, decreased pro-inflammatory cytokines, and increased
anti-inflammatory cytokines. These results suggest that GDNPs
2 may reduce harmful factors and facilitate healing (Zhang et al.,
2017). Ju et al. identified the exosome-like nanoparticles from grapes.
Grape-derived exosome-like nanoparticles (GELN) target intestinal
stem cells and form the basis for intestinal tissue remodeling and
protective effects against colitis by DSS. GELN can regulate the
renewal process of intestinal tissue and participate in the
remodeling of intestinal tissue triggered by pathology (Ju et al., 2013).

Polysaccharides can be used as nanocarriers to carry effective
drugs for the targeted therapy of UC. Budesonide is a synthetic steroid
hormone that can be used in the inflammatory state of UC. Sun et al.
designed a nanocarrier with 4-aminothiophenol grafted onto
carboxymethyl inulin as a delivery system for budesonide. The
nanoparticles had the average particle size ~210.18 nm. The
nanoparticles can accumulate at the inflammation sites of colon.
Excellent therapeutic effects were observed compared with the single
budesonide suspension in the colitis mouse model (Sun et al., 2018).
Mutalik et al. obtained a grafted polyacrylamide-grafted xanthan gum
copolymer as nanocarriers for curcumin. The nanoparticles were
spherical with an average particle size of 425 nm. The nanoparticles
decreased myeloperoxidase and nitrite contents, and alleviated body
weight loss and colonic inflammation in rats with acetate-induced
colitis. In addition, curcumin in the nanoparticle form showed better
systemic absorption with increased Cmax (3-fold) and AUC (2.5-fold)
than free curcumin (Mutalik et al., 2016).

4 Nanoparticles–gut microbiota
interference

Once nanoparticles enter the intestinal lumen, there is a high
potential for contact with various microorganisms. The interaction

between nanoparticles and the gut microbiota is bidirectional.
Intestinal microorganisms can have their structure and metabolic
function regulated by nanoparticles. On the other hand,
nanoparticles will be affected by intestinal flora, which may
increase or decrease their effectiveness. The possible mechanisms
are shown in Figure 1.

4.1 Influence of nanoparticles on the gut
microbiota

The nanoparticles can be used to restore gut microbiota balance
in UC therapy. Orally administered amyloid–polyphenol hydrogel
can remain in the colon for an extended time. The hydrogel had a
significant positive effect on colitis mouse models, improving
intestinal barrier function and regulating intestinal flora
imbalance by reducing the abundance of operational taxa that is
normally enriched for colitis, specifically facultative anaerobes such
as Aestuariispira and Escherichia. Additionally, the short-chain fatty
acid metabolites were enriched (Hu et al., 2020). In a mouse model
of acute colitis, Lee et al. constructed a hyaluronic acid–bilirubin
nanomedicine (HABN) that targets the inflamed colon and restores
the epithelial barrier. HABN regulates intestinal flora by increasing
the overall richness and diversity, and significantly increasing the
number of microorganisms that play an essential role in intestinal
homeostasis, such as Akkermansia muciniphila and Clostridium
XIVa (Lee et al., 2020). Alfaro-Viquez et al. synthesized a hybrid
nanoparticle containing cranberry proanthocyanidin–chitosan
(PAC-CHTNp) and studied its effect on the invasion of intestinal
epithelial cells ExPEC. The results showed that PAC-CHTNp
significantly inhibited the invasion of intestinal epithelial cells
and can improve the stability of PAC and promote the molecular
adhesion of PAC to ExPEC (Alfaro-Viquez et al., 2018). Glycogen
modified with urocanic acid and α-lipoic acid could form
nanoparticles by self. The nanocarrier could encapsulate
ginsenoside Rh2 to form Rh2 nanoparticles (Rh2 NPs). Rh2 NPs
could improve the inflammation conditions and histological scores
in UC mice. Rh2 NPs can also restore the diversity of intestinal flora
and play beneficial roles (Xu et al., 2022).

Studies have shown that plant-derived NPs are effective
weapons against specific strains. Zhang et al. found that oral
administration of ginger lipid nanoparticles (GDLPs) can target
L. rhamnosus GG. In mice with colitis, mdo-miR7267-3p, a
microRNA of GDLPs, targets L. rhamnosus GG. monooxygenase
to increase the production of indole 3-carboxyaldehyde and improve
the intestinal barrier function (Zhang et al., 2016). Tong et al. found
that mEVs contain many immunoactive proteins and regulate
intestinal immunity and microbiota in mice. Oral administration
of meV prevented colon shortening and reduced intestinal epithelial
destruction in a mouse model of UC. The intestinal flora was also
partially recovered after meV intervention, suggesting that meVmay
regulate intestinal immunity by affecting the intestinal flora (Tong
et al., 2021).

Nanoparticles can inhibit bacteria through different ways, such
as destabilizing bacterial cells, producing reactive oxygen species,
inhibiting protein synthesis, and releasing toxic cations (Ladaycia
et al., 2021). There are many factors that influence the antibacterial
activities. The smaller nanoparticles might have better chances to

Frontiers in Pharmacology frontiersin.org08

Zhang et al. 10.3389/fphar.2023.1197144

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1197144


interact with the bacterial cell membrane for bacterial toxicity
(Applerot et al., 2009). The shape and size of nanoparticles may
also affect the surface area in contact with bacteria, which may affect
the bactericidal efficiency. The antibacterial activity of quercetin in
nanocarriers was higher than that of quercetin. The
nanoformulations were found to be more sensitive against Gram-
negative (G -ve) bacteria (E. coli and P. denitrificans). The
antibacterial activity depended on time and concentration (Das
et al., 2020). Another report revealed that quercetin-loaded
alginate/chitosan nanoparticles had more antibacterial activities
than pure quercetin (Nalini et al., 2022).

The antibacterial activity of nanoparticles also depends on the
bacteria type (Gram-positive or Gram-negative). Gram-positive
bacteria have a thick peptidoglycan layer with polymer teichoic
acids and a cytoplasmic membrane underneath, whereas Gram-
negative bacteria have two lipid membranes with a thin
peptidoglycan layer in between. Both bacterial wall membranes
are negatively charged, regardless of the various functional
groups on their surface (Feng et al., 2015). The Gram-negative
bacterial cell wall is known to be more resistant to the antibacterial
effect because it is harder to cross (Graef et al., 2018). The
mechanisms of nanoparticles modulating the gut microbiota are
still in the initial stage. Antibacterial activity reports suggest that
nanoparticles may destroy, shift, repair, or treat the human
microbiota by targeting and acting with specific gut microbiota.

4.2 Gut microbiota affects the nanoparticles

Polymer materials, such as pectin, chitosan, and dextran, are
used as nanocarriers. They are stable in the upper GI tract. However,
they can be degraded by specific enzymes (β-glucosidase, cellulase,

and azoreductase) produced by the gut microbiota. Based on this
property, we can design the microbial-triggered nano-delivery
system (Tang et al., 2020). Chen et al. developed a nano-drug
delivery system based on the chitosan-modified, Dex-loaded,
esterase-responsive lipid with 3,3′-dithiodipropionic acid,
quercetin, and glyceryl caprylate–caprate. In esterase-containing
artificial intestinal fluid, the nanoparticles could rapidly release
the drug. The nanoparticles could reduce pro-inflammatory
cytokine expression, colonic atrophy, and histomorphological
changes in the DSS-induced colitis mouse model while increasing
E-cadherin expression (Chen et al., 2020). The gut microbiota could
also affect nanomaterial absorption. The lipopolysaccharides (LPS)
produced by Gram-negative bacteria in the colon provide extra
adherence for nanoparticles, resulting in the enhanced absorption of
nanomedicine (Cattani et al., 2010; Xue JC. et al, 2023).

The gut microbiota may have harmful or beneficial effects on the
metabolism of nanomedicines. The gut microbiota can metabolize a
variety of natural active compounds, and this metabolism may lead
to lower absorption and bioavailability of natural active products.
Bacterial species, such as Bifidobacterium sp., Lactobacillus sp., and
Eubacterium sp., could catalyze phenolic metabolism (Duda-
Chodak, 2012; Shabbir et al., 2021). E. coli, E. fergusonii (ATCC
35469), Bifidobacterium, and Lactobacillus play a vital role in the
degradation of curcumin (Zam, 2018). Bacteroides fragilis,
Eubacterium ramulus, and Clostridium perfringens are the
bacterial strains that transform quercetin into metabolites (Zhang
et al., 2014). The bioactive components can be encapsulated in
nanocarriers to prevent metabolism by intestinal flora and maintain
stability. The gut microbiota is capable of biotransforming the
nanodrugs released in the colon to promote the treatment of
colitis. The gut microbiota can degrade anthocyanins to
phloroglucinol derivatives and benzoic acids (Luo et al., 2019;

FIGURE 1
Possible mechanisms of interaction between nanoparticles and the gut microbiota. (A) Healthy gut, (B) gut with ulcerative colitis, and (C) natural
compound-based nanomedicine in ulcerative colitis therapy.
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Rosales et al., 2022). The metabolites stimulate or inhibit the growth
of other specific bacteria, thereby further regulating the gut
microbiota. Anthocyanin metabolites can promote the production
of SCFAs, reduce intestinal pH, and inhibit pathogen growth (Tian,
et al., 2019).

Most polysaccharide-based drug nanocarrier systems (DNSs)
release drugs in the colon successfully. The gut microbiota plays an
important role in the breakdown of polysaccharide-based DNSs.
Polysaccharides will cooperate with released drugs to treat UC. The
gut microbiota can encode abundant carbohydrate-active enzymes
that convert polysaccharides into useable monosaccharides for
beneficial bacteria (Zheng et al., 2020). The degraded
polysaccharides can further be metabolized by the gut microbiota
into beneficial products, such as SCFAs (Cui et al., 2021). For
example, the Ficus carica polysaccharide can increase the
abundance of S24-7, Bacteroides, and Coprococcus, as well as the
levels of acetate and butyric acid, which has a protective effect on UC
(Zou et al., 2020).

Natural carbon nanoparticles isolated from beer can also be
adsorbed by bacteria to form complexes. Nanoparticle–bacterial
complexes affect phagocyte uptake, pathogenic signaling
pathways, and nanoparticle-induced cytotoxicity. Nanoparticles
can be harnessed to (reasonably) shape the microbiome and
inhibit pathogenic bacteria (Siemer et al., 2018). Although some
progress has been made in understanding the effects of
nanomaterials on the gut microbiota, the precise mechanisms by
which nanomaterials affect the gut microbiota remain unclear.
Further research is required to assess the effects of nanomaterials
on the microbiota.

5 Conclusion and future perspectives

Natural products can be used as potential therapeutic methods
for treating human UC due to their clear efficacy and low adverse
reactions. Unfortunately, low oral bioavailability has limited using
natural compounds in clinical trials. Nanoformulations are an
effective way to improve the bioavailability of natural
compounds. Nanotechnology can deliver effective therapeutic
agents to specific body areas while controlling the release of
natural bioactive metabolites. This review summarizes the great
potential of natural products and their nanoparticles for preventing,
managing, and treating UC.

Dysbiosis of intestinal flora is associated with the pathogenesis
of many diseases. Targeting the gut microbiota is also applicable to

the intervention of a variety of diseases. Oral nanomedicine provides
a feasible strategy to modulate the gut microbiota and metabolites.
The possible mechanisms could be summarized. Natural
compounds can be encapsulated by nanocarriers to prolong the
action time and improve the activity, or they can be used as
nanocarriers to deliver drugs to play the dual role of regulating
the flora and improving the activity of drugs. The interaction
between nanomaterials and intestinal flora can improve the
efficacy of nanomedicine. Recent advances in nanomedicine
delivery systems constructed in recent years will facilitate the
clinical application of nanomedicines in preventing or treating
UC. Although nanomedicines have advanced significantly in the
last decade, there are still scientific and technical challenges. As a
result, there is growing interest in natural product-based
nanomedicines for UC treatment.
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