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Intestinal mucositis is a clinically related adverse reaction of antitumor

treatment. Majority of patients receiving high-dose chemical therapy,

radiotherapy, and bone-marrow transplant suffer from intestinal mucositis.

Clinical manifestations of intestinal mucositis mainly include pain, body-

weight reduction, inflammatory symptom, diarrhea, hemoproctia, and

infection, which all affect regular nutritional input and enteric function.

Intestinal mucositis often influences adherence to antitumor treatment

because it frequently restricts the sufferer’s capacity to tolerate treatment,

thus resulting in schedule delay, interruption, or premature suspension. In

certain circumstances, partial and general secondary infections are found,

increasing the expenditures on medical care and hospitalization. Current

methods of treating intestinal mucositis are provided, which do not always

counteract this disorder. Against this background, novel therapeutical measures

are extremely required to prevent and treat intestinal mucositis. Plant-derived

natural compounds have lately become potential candidates against enteric

injury ascribed to the capacity to facilitate mucosal healing and anti-

inflammatory effects. These roles are associated with the improvement of

intestinal mucosal barrier, suppression of inflammatory response and oxidant

stress, and modulation of gut microflora and immune system. The present

article aims at systematically discussing the recent progress of plant-derived

natural compounds as promising treatments for intestinal mucositis.
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Introduction

Intestinal mucositis, a clinically significant adverse reaction

of antitumor treatment, is characterized by ulcerative lesions

along the gastroenteric mucosa (Dahlgren et al., 2021). It appears

in nearly 40% of sufferers adopting standard-dose chemotherapy,

and over 60% of sufferers receiving high-dose chemotherapy,

radiotherapy, and bone-marrow transplantation (Sougiannis

et al., 2021). Intestinal mucositis is not only related to a series

of remarkable adverse symptoms, including serious diarrhea in

5%–44% of sufferers, obvious body-weight reduction, and

decreased nutrient uptake but also associated with the

restricted ability of sufferers to tolerate therapy, thus resulting

in the delay of succeeding cycles or premature drug withdrawal

(Miknevicius et al., 2021).

The clinical signs of intestinal mucositis result from epithelial

damage, which is followed by a range of complicated biological

events that occur in the diverse cellular and tissular chambers of

the mucosa (Batista et al., 2020). Localized and general secondary

infections, which increase the expenditures of medical treatment

and hospitalization, are found under certain circumstances

(Tooley et al., 2009). Therefore, intestinal mucositis poses a

significant negative effect on sufferer’s clinical outcome, and

its complications can even cause death in serious sufferers

(van Vliet et al., 2010). There are still no prevention strategies

or appropriate therapies for intestinal mucositis. Current

treatments primarily focus on relieving the symptoms of

intestinal mucositis. To assist the clinical governance of

intestinal mucositis, the MASCC/ISOO formulated a guideline

including updated information on alternative treatments for this

disease (Prisciandaro et al., 2011). These consist of mucosal

coating agents, opiates and painkillers, growth factors and

cytokines, antimicrobial agents, cryotherapy, and natural

drugs (Kissow, 2015).

Under the circumstances, natural products have attracted

much attention and recognition as their prominent bioactivities,

including anti-inflammation, antioxidation, immune regulation,

and metabolic functions, in the prevention and treatment of

intestinal mucositis, cancers, angiocardiopathies, and metabolic

and respiratory disorders (Cheah et al., 2014a; da Silva et al.,

2021; Wright et al., 2009). A range of preclinical research works

have proven that various natural compounds from plants

(Figure 1) exerted preventive and therapeutical actions on

intestinal mucositis through diversified mechanisms including

relieving oxidative injury, decreasing inflammatory reaction,

maintaining gut barrier function, and modulating the

structure of intestinal microbiome, manifesting that natural

compounds possess the potential to stop the progress of

intestinal mucositis and delay the clinical course of this

disorder (Ribeiro et al., 2016). Thus, in this article, we

generalize the pharmacological mechanisms of natural

compounds, such as berberine, quercetin, curcumin, baicalein,

and luteolin, in preventing and treating intestinal mucositis.

These were envisaged to contribute to offering novel ideas for

the development of new drugs against intestinal mucositis.

Methods

For recognizing the studies associated with the effect and

mechanism of natural compounds against intestinal mucositis,

our team consulted the articles in the following scientific

databases from inception until July 2022: Web of Science,

PubMed, Google Scholar, and CNKI. The keyword “intestinal

FIGURE 1
Various plants of natural compounds for treating intestinal mucositis in the past few decades.
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mucositis” was adopted for the literature retrieval. All articles

with abstracts were taken into account.

After retrieval, the gained articles were strictly filtered. The first

screeningwas conducted in linewith the titles and abstracts. The second

screening was performed on the basis of the full-text. Finally, all the

studies fitting the themewere gathered as the supportive resource of the

present review. The exclusion criteria were as follows: crude extracts or

oils, not plant-derived natural compounds, and combined therapies.

Natural compounds against intestinal
mucositis

As is well-known, plants are the most significant natural

resources for human survival due to their large variety,

quantity, and convenient access. The original sources of

human food and drugs were mostly derived from plants. To

date, the studies on active constituents have primarily

TABLE 1 List of compounds extracted from natural sources.

No. Compound Molecular
formula

Molecular
weight
(g/mol)

Main source Reference

Terpenoids

1 Costunolide C15H20O2 232.32 Roots of Aucklandia lappa Chen et al. (2016)

2 Dehydrocostus C15H18O2 230.3 Roots of Aucklandia lappa Chen et al. (2016)

3 Carvacrol C10H14O 150.22 Whole-plant of Thymus mongolicus and Origanum vulgare Alvarenga et al. (2016)

4 Thymol C10H14O 150.22 Whole-plant of Thymus vulgaris, Origanum vulgare, and
Ocimum gratissimum

Al-Khrashi et al. (2021)

5 Andrographolide C20H30O5 350.45 Aerial part of Andrographis paniculata Xiang et al. (2020); Wang
et al. (2022)

6 Saikosaponin A C42H68O13 780.98 Roots of Bupleurum chinense and Bupleurum scorzonerifolium Ali et al. (2019)

7 Patchouli alcohol C15H26O 222.366 Aerial part of Pogostemon cablin Wu et al. (2020)

8 β-patchoulene C15H24 204.351 Aerial part of Pogostemon cablin Wu et al. (2021)

9 Glycyrrhizic acid C42H62O16 822.93 Roots and rhizomes ofGlycyrrhiza uralensis,Glycyrrhiza inflata,
and Glycyrrhiza glabra

Zeeshan et al. (2021)

Flavonoids

10 Rutin C27H30O16 610.52 Flowers and fruits of Sophora japonica; the whole-plant of Ruta
graveolenslens

Fideles et al. (2020)

11 Quercetin C15H10O7 302.24 Flowers of Sophora japonica; the leaves of Platycladus orientalis;
and the rhizomes of Alpinia officinarum

Sukhotnik et al. (2018); Lotfi
et al. (2021)

12 Luteolin C15H10O6 286.24 Flowers of Lonicera japonica and Chrysanthemum morifolium
and the aerial part of Schizonepeta tenuifolia

Boeing et al. (2020)

13 Baicalein C15H10O5 270.24 Roots of Scutellaria baicalensis Wang et al. (2020c)

14 Diadzein C15H10O4 254.24 Roots of Pueraria lobata; the seeds of Glycine max Atiq et al. (2019)

15 Puerarin C21H20O9 416.38 Roots of Pueraria lobata and Pueraria thomsonii Wang et al. (2021b)

Quinones

16 Dihydrotanshinone
I

C18H14O3 278.30 Roots and rhizomes of Salvia miltiorrhiza Wang et al. (2020a)

17 Cryptotanshinone C19H20O3 296.36 Roots and rhizomes of Salvia miltiorrhiza Wang et al. (2020b)

Phenylethanoid glycosides

18 Forsythiaside A C29H36O15 624.59 Fruits of Forsythia suspensa Lang et al. (2022)

19 Acteoside C29H36O15 624.59 Roots of Rehmannia glutinosa and the stems of Cistanche
deserticola

Reinke et al. (2015)

Polyphenols

20 Casuarinin C41H28O26 936.65 Roots of Melastoma malabathricum Chen et al. (2022)

21 Curcumin C21H20O6 368.38 Rhizomes of Curcuma longa, Curcuma aromatica, Curcuma
zedoaria, and Acorus calamus

Wang et al. (2021b)

Alkylamide

22 Spilanthol C8H8O3 152.15 Flowers of Acmella oleracea de Freitas-Blanco et al.
(2019)

Alkaloid

23 Berberine C20H18ClNO4 371.81 Rhizomes of Coptis chinensis, the barks of Phellodendron
chinense, and the roots of Berberis soulieana

Chen et al. (2020a); Yue et al.
(2021)
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concentrated upon edible andmedicinal plants. It is noteworthy

that there are plentiful research works on plant-derived natural

compounds against intestinal mucositis. In the present

research, natural compounds against intestinal mucositis are

divided into seven classes, namely, terpenoids, flavonoids,

quinones, phenylethanoid glycosides, polyphenols,

alkylamides, and alkaloids. The basic, chemical, and

pharmacological information of natural compounds used in

the therapy of intestinal mucositis is exhibited in Table 1 and

Figure 2 and Table 2, respectively.

Terpenoids

Costunolide and dehydrocostus belong to natural

sesquiterpene lactones, which are the main active constituents

FIGURE 2
Chemical structures of natural compounds in the treatment of intestinal mucositis.
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TABLE 2 Summary of the mechanisms of natural compounds against intestinal mucositis.

Name Model Effective
dosage

Molecular mechanism Reference

Terpenoids

Costunolide 5-FU-induced intestinal mucositis in
Kunming mice

5 and 20 mg/kg Upregulation: SOD, IL-10, and occludin Chen et al. (2016)

Down-regulation: NF-κB, NO,MDA, TNF-α, COX-2, iNOS,
and PCNA

Dehydrocostus 5-FU-induced intestinal mucositis in
Kunming mice

5 and 20 mg/kg Upregulation: occludin Chen et al. (2016)

Downregulation: NF-κB, NO, TNF-α, COX-2, iNOS, and
PCNA

Carvacrol Irinotecan-induced intestinal
mucositis in Swiss mice

25, 75, and
150 mg/kg

Upregulation: total leukocytes and NPSH Alvarenga et al. (2016)

Downregulation: MPO, TNF-α, IL-1β, KC, NF-κB, COX-2,
MDA, and Nox

Thymol 5-FU-induced intestinal mucositis in
Wistar rats

60, 120 mg/kg Upregulation: GSH, GPx, SOD, and IL-10 Al-Khrashi et al.
(2021)

Downregulation: TBARS, NF-κB, TNF-α, COX-2, IL-6,
PGE2, p38, p38 MAPK, JNK, p-JNK, and TGF-β

Andrographolide 5-FU-induced intestinal mucositis in
BALB/c mice or NCM460 cells

12.5, 25, 50, and
100 mg/kg in vivo

Upregulation: Bcl-2 and ZO-1 Xiang et al. (2020);
Wang et al. (2022)

Irinotecan-induced intestinal
mucositis in BALB/c mice or HCT116,
HT29, and CT26 cells

0.3, 1, 3, 5, 10, and
20 μM in vitro

Downregulation: apoptosis, p-p38/p38, p-p53/p53, Bax,
C-Casp8/Casp8, C-Casp3/Casp3, TNF-α, IL-1β, IL-6,
p-IRF3, p-TBK1, CD-11b, CD-4, CD-8, Cxcl10, Ccl5, IL-18,
IFN-β, dsDNA, γH2AX, and RAD51

Saikosaponin A 5-FU-induced intestinal mucositis in
BALB/c mice

1, 5, and 10 mg/kg Upregulation: WBC, RBC, lymphocyte, hemoglobin, GSH,
GST, CAT, SOD, Nrf2, HO-1, and Lactobacillus spp.

Ali et al. (2019)

Downregulation: granulocyte, hematocrit, MDA, IL-1β, IL-
6, TNF-α, NO, p-JNK, COX-2, Casp3, and Escherichia coli

Patchouli alcohol 5-FU-induced intestinal mucositis in
SD mice

10, 20, and
40 mg/kg

Upregulation: IL-10, ZO-1, occludin, claudin-1, mucin-2,
Firmicutes, S24, Allobaculum, Erysipelotrichaceae, and
Peptostreptococcaceae

Wu et al. (2020)

Downregulation: TNF-α, IL-1β, IL-6, MPO, TLR2, MyD88,
p-IκBα/IκBα, NF-κB p65, MLCK, p-MLC/MLC,
Proteobacteria, Bacteroidia, ε-Proteobacteria, γ-
Proteobacteria, Phascolarctobacterium, Aggregatibacter,
Helicobacter, Pasteurellaceae, and Verrucomicrobiaceae

β-Patchoulene 5-FU-induced intestinal mucositis in
IEC-6 cells and SD rats

10, 20, and
40 mg/kg in vivo

Upregulation: mucin-2, goblet cells, claudin-1, and occludin Wu et al. (2021)

20 μM in vitro Downregulation: AQP3, PKA, p-MEK1/2/MEK1/2,
p-MSK1/MSK1, p-CREB/CREB, VIP, VIPR2, cAMP, PKA,
p-MEK1/2/MEK1/2, p-ERK/ERK, p-p38/p38, p-MSK1/
MSK1, p-CREB/CREB, P300/CBP, TNF-α, IL-1β, IL-6, IL-
10, and p-p65/p65

Glycyrrhizic acid 5-FU-induced intestinal mucositis in
BALB/c mice

10 mg/kg Upregulation: goblet cells, GSH, GST, and CAT Zeeshan et al. (2021)

Downregulation: TNF-α, IL-1β, and IL-6

Flavonoids

Rutin 5-FU-induced intestinal mucositis in
Swiss mice

50, 100, and
200 mg/kg

Upregulation: GSH and goblet cells Fideles et al. (2020)

Downregulation: MPO, MDA, mast cells, and COX-2

Quercetin Methotrexate-induced intestinal
mucositis in SD rats

5 and 100 mg/kg Upregulation: BrdU-labeled cells, p-ERK, and CAT Sukhotnik et al.
(2018); Lotfi et al.
(2021)

5-FU-induced intestinal mucositis in
albino mice

Downregulation: Casp3, MDA, NF-κB, and HIF-1α

Luteolin Irinotecan-induced intestinal
mucositis in Swiss mice

3, 10, and
30 mg/kg

Upregulation: GSH, SOD, CAT, IL-4, IL-10, ZO-1, and
occludin

Boeing et al. (2020)

(Continued on following page)
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TABLE 2 (Continued) Summary of the mechanisms of natural compounds against intestinal mucositis.

Name Model Effective
dosage

Molecular mechanism Reference

Downregulation: ROS, LOOH, MPO, TNF-α, IL-1β, IL-6,
PGE2, nitrite, and leukocyte

Baicalein 5-FU- and irinotecan-induced
intestinal mucositis in BALB/c mice

100 mg/kg Upregulation: Muribaculaceae Wang et al. (2020c)

Downregulation: IL-6, TNF-α, Bacteroides,
Escherichia_Shigella, Parabacteroides, Enterococcus,
Clostridium_sensu_stricto_1, and Lactococcus

Diadzein 5-FU-induced intestinal mucositis in
BALB/c mice

1, 5, and 10 mg/kg Upregulation: mitotic cells, goblet cells, GSH, GST, CAT,
WBC, RBC, lymphocytes, platelets, and Lactobacillus spp.

Atiq et al. (2019)

Downregulation: TNF-α, IL-6, IL-1β, p-JNK, MDA, nitrite,
granulocytes, and Escherichia coli

Puerarin 5-FU-induced intestinal mucositis in
C57BL/6 mice or IEC-6 and Caco-2
cells

50 and 100 mg/kg
in vivo

Upregulation: SOD and GSH Wang et al. (2021b)

120 μM in vitro Downregulation: TNF-α, IL-1β, IL-6, COX-2, iNOS, MDA,
MLCK, apoptosis, Bax/Bcl-2, p-STAT3/STAT3, SOCS3,
p-JAK1/JAK1, p-JAK2/JAK2, p-JAK3/JAK3, and p-TYK2/
TYK2

Quinones

Dihydrotanshinone
I

5-FU- and irinotecan-induced
intestinal mucositis in C57BL/6 mice

10 mg/kg Upregulation: TG, diacylglycerol, Bacteriodetes,
Actinobacteria, Akkermansia, Muribaculaceae,
Alloprevotella, prevotellaceae_UCG_001, glutamate synthase
(NADPH/NADH) small chain, glutamate synthase
(ferredoxin), NADH-quinone oxidoreductase subunit F,
NADH-quinone oxidoreductase subunit G, and
hydroxylamine reductase

Wang et al. (2020a)

Downregulation: IL-6, TNF-α, Firmicutes, Proteobacteria,
Lactobacillus, Bacteroidetes, glutathinone metabolism, ABC
transporters, purine metabolism, and bacterial invasion of
epithelial

Cryptotanshinone 5-FU- and irinotecan-induced
intestinal mucositis in BALB/c mice

20 mg/kg Upregulation: TG, TG/TC, Muribaculaceae, and
Ruminococcaceae_UCG-014

Wang et al. (2020b)

Downregulation: IL-6, IL-11, MPO, DAO, TC, and lipase

Phenylethanoid glycosides

Forsythiaside A Methotrexate-induced intestinal
mucositis in SD rats

40 and 80 mg/kg Upregulation: goblet cells Lang et al. (2022)

Downregulation: TNF-α, IL-1β, IL-18, leukocytes,
neutrophils, lymphocytes, CD68 positive cells, NLRP3,
C-Casp1, and cleaved IL-1β

Acteoside Methotrexate-induced intestinal
mucositis in C57BL/6 mice

600 μg Downregulation: MPO and MT Reinke et al. (2015)

Polyphenols

Casuarinin 5-FU-induced intestinal mucositis in
C57BL/6 mice

50 and 100 mg/kg
in vivo

Upregulation: PCNA+ cells, GSH, ZO-1, occludin,
Actinobacteria, Lactobacillus murinus, and
Lachnospiraceae_NK4A136_group

Chen et al. (2022)

5-FU-stimulated IEC-6 cells 10, 20, and 30 μM
in vitro

Downregulation: MDA, MPO, NE, Pr3, CG, IL-1β, TNF-α,
Firmicutes/Bacteroidetes, and Candidatus Arthromitus

Curcumin 5-FU-induced intestinal mucositis in
IEC-6 cells

5, 10, and 20 μM Upregulation: E-cadherin Wang et al. (2021b)

Downregulation: apoptosis, TNF-α, IL-1β, IL-6, vimentin,
n-cadherin, and p-STAT3

Alkylamide

Spilanthol 5-FU-induced intestinal mucositis in
Swiss mice

10, 20, and
30 mg/kg

Downregulation: MPO de Freitas-Blanco et al.
(2019)

Alkaloid

Berberine

(Continued on following page)
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of Aucklandia lappa. Researches have shown that they have anti-

inflammatory, antitumor, and antimicrobial activities (Liu et al.,

2021). Chen et al. (2016)have investigated the protective actions

and possible mechanisms of costunolide and dehydrocostus in 5-

fluorouracil-induced gut mucositis. Male Kunmingmurines were

intraperitonelly administered with 5-fluorouracil (60 mg/kg/day)

for five days, and intestinal mucositis was assessed based on the

histochemical indexes. Costunolide and dehydrocostus were

taken orally once a day for eight days. Continuous 5-

fluorouracil therapy resulted in serious intestinal mucositis,

which was characterized by morphological injury, decreased

ingestion, weight loss, and diarrhea. Experimental results

showed that the daily gavage of costunolide or dehydrocostus

exerted better protective action than that of the positive drug

loperamide and prominently alleviated the seriousness of

intestinal mucositis via accelerating enteric mucosa recovery,

reducing ROS level, and restraining the inflammatory reactions.

Therefore, costunolide and dehydrocostus are deemed to be

promising therapeutical candidates, which are clinically

employed to suppress intestinal mucositis in the course of

chemical therapy.

Carvacrol is a phenolic monoterpene originating from

various essential plants, such as Thymus mongolicus and

Origanum vulgare. In vitro and in vivo research works have

shown that carvacrol has antioxidative, antibacterial, anti-

inflammatory, anticancerous, and hepatoprotective effects

(Sharifi-Rad et al., 2018). TRPA1 receptor presents high

expression in the enteric mucosa and can recognize cell

injury, which manifests the potential relation with gut

mucositis. Carvacrol is an activator of TRPA1 receptor and

possesses anti-inflammatory activity. Therefore, Alvarenga

et al. (2016)have conducted studies to prove the assumed

anti-inflammatory and protective effects of carvacrol through

TRPA1 activization against gut mucositis treated by CPT-11 in

murines. In brief, murines were administered with DMSO, CPT-

11, or carvacrol prior to CPT-11. In another group, the mice were

treated with HC-030031 (TRPA1 antagonist) for thirty minutes

prior to carvacrol exposure. On the seventh day, murine survival

and microbemia were evaluated, and the jejunal tissues were

acquired for morphological analysis and determination of

oxidative and inflammatory status after mercy killing. Results

indicated that carvacrol exerted an anti-inflammatory effect on

CPT-11-treated gut mucositis via powerful interplays with

TRPA1 receptors, causing the reduction of the levels of pro-

inflammatory factors (TNF-α, IL-1β, and KC), other

inflammatory mediators (MPO, NF-κB, and COX-2), and

oxidant stress (GSH, MDA, and NOx). Carvacrol also

facilitated the recovery of the structure of villus and recess in

the small intestine and improved clinical indexes, including

livability, weight changes, leukocyte, and blood bacteria count.

Therefore, carvacrol is a prospective candidate drug for treating

gut mucositis, and TRPA1 may be a significant therapeutical

target for intestinal mucositis.

Thymol, a natural monoterpenoid phenol, is found in many

plants, including Thymus vulgaris, Origanum vulgare, and Ocimum

gratissimum. Owing to its various bioactivities, thymol is widely

employed in healthcare, animal medicine, food industry, and

agriculture. Modern studies have indicated that thymol possesses

remarkable beneficial actions, including antimicrobial, antioxidative,

anti-inflammatory, anticancer, and immunoregulatory properties

(Escobar et al., 2020). Al-Khrashi et al. (2021)have explored the

possible protective action and mechanism of thymol on 5-

fluorouracil-induced gut mucositis. Murines were injected with 5-

fluorouracil (150 mg/kg) and administered with thymol (60 or

120 mg/kg). Pathologic variations, oxidant stress, and

inflammatory indicators were evaluated. Results revealed that

thymol administration remarkably restrained 5-fluorouracil-

induced oxidant stress through decreasing lipid peroxidatic

reaction and elevating the intestinal levels of antioxidative

systems. Inflammatory indicators, including IL-6, PGE2, and

COX-2, were also improved. Furthermore, thymol notably

suppressed the 5-fluorouracil-induced expression of NF-κB, TNF-
α, TGF-β1, p38, p-JNK, and MAPK proteins. Collectively, thymol

could alleviate intestinal mucositis via the antioxidative and anti-

inflammatory roles, which are associated with the inhibition of the

TGF-β/p38/p-JNK pathway.

Andrographolide is the main active constituent of

Andrographis paniculata and possesses a diterpenoid lactone

TABLE 2 (Continued) Summary of the mechanisms of natural compounds against intestinal mucositis.

Name Model Effective
dosage

Molecular mechanism Reference

5-FU-induced intestinal mucositis in
SD rats

50 and 100 mg/kg
in vivo

Upregulation: occludin, ZO-1, claudin-1, claudin-7, acetate,
propionate, butyrate, glutamine, Firmicutes,
Porphyromonadaceae, Lachnospiraceae, Lactobacillus,
Clostridiales, Ruminococcus, Prevotella, and Clostridium IV

Chen et al. (2020a);
Yue et al. (2021)

Irinotecan-induced intestinal
mucositis in C57BL/6 mice

50 μM in vitro Downregulation: TNF-α, IL-1β, IL-6, IL-8, COX-2, iNOS,
LPS, DAO, GUS, Proteobacteria, and Escherichia_Shigella

SN38 stimulated NCM460 or Caco-2
cells
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ring. Diversified pharmacological actions of andrographolide

have been demonstrated, such as antibacterial, anti-

inflammatory, immunoregulatory, antiviral, and anticolitis

properties (Kishore et al., 2017). Xiang et al. (2020) probed

the protective action and mechanism of andrographolide on

5-fluorouracil-treated gut mucositis. Injection of 5-fluorouracil

was conducted for inducing gut mucositis in BALB/c mice. 5-

fluorouracil-stimulated NCM460 cells were adopted to probe the

potential mechanism of andrographolide in vitro. The results

indicated that andrographolide markedly relieved 5-fluorouracil-

induced weight reduction, diarrhea, and lesions of intestinal

crypts and villi. Pro-inflammatory cytokines, including TNF-α,
IL-1β, and IL-6, were reduced by andrographolide in colonic and

ileal tissues. Moreover, andrographolide significantly inhibited

enteral cell apoptosis in vivo and in vitro through decreasing the

expressions of p-p38, p-p53, cleaved caspase-3, cleaved caspase-

8, and Bax, and increasing Bcl-2 level. Furthermore, asiatic acid

(activator of p38 MAPK) recovered the antiapoptotic effect of

andrographolide in NCM460 cells. In addition, Wang et al.

(2022)further validated that andrographolide exerted a

beneficial role on intestinal mucositis in irinotecan-induced

mice and HCT116, CT26, and HT29 cells. Molecular

mechanistic studies demonstrated that the andrographolide

restrained irinotecan-induced cGAS-STING signaling pathway

via decreasing the proteic expressions of p-TBK1 and p-IRF3,

suppressing the mRNA levels of inflammatory factors (IL-18,

TNF-α, and IL-1β), IFN-β, Cxcl10, and Ccl5, and inhibiting the

infiltration of immunocytes, including CD11b, CD4, and CD8.

The double-stranded DNA release and DNA damage triggered

by irinotecan were also mitigated by andrographolide. In

conclusion, andrographolide may be beneficial to the sufferers

receiving 5-fluorouracil-based chemical therapy.

Saikosaponin-A is a main triterpenoid saponin existed in

Bupleurum falcatum and Bupleurum scorzonerifolium, which

manifests anti-inflammatory, antidepressive, antitumor, and

immunoregulatory activities (Fu et al., 2015). Ali et al. (2019)

demonstrated the protective role of saikosaponin-A on 5-

fluorouracil-treated gut mucositis in the murine model.

Intestinal mucositis was established in BALB/c murine

through injecting 5-fluorouracil for three days, and mucositis

was evaluated according to behavior and histochemical analysis.

Saikosaponin-A was given one hour prior to 5-fluorouracil

treatment for seven days. The results displayed that

saikosaponin-A exhibited similar effect to the positive drug

mesalazine. Compared with the model group, saikosaponin-A

administration notably relieved the severity of intestinal

mucositis, including food intake, weight reduction, diarrhea,

and death rate in a dosage-dependent manner. The

histopathological results also supported the protective action

of saikosaponin-A on 5-fluorouracil-induced gut

abnormalities, such as villi shrink, crypt stem-cell injury,

inflammatory cell infiltration, vacuolation, and edema.

Moreover, saikosaponin-A treatment observably suppressed

the pro-inflammatory factors (TNF-α, COX-2, IL-1β, and IL-

6) and apoptosis indicators (p-JNK and caspase-3). In addition,

saikosaponin-A markedly decreased the level of nitric oxide in

enteric tissues, restrained acetic acid-treated Evans blue

vasopermeability. In addition, siaikosaponin-A administration

significantly increased the expressions of antioxidases (Nrf2,

HO-1, SOD, GSH, GST, and CAT) and reduced the level of

oxidant stress indicator MDA. In brief, the results indicated that

saikosaponin-A is a promising drug for treating chemotherapy-

induced intestinal mucositis.

Patchouli alcohol, a tricyclic sesquiterpene, is an important

active constituent of Pogostemon cablin. Up to now, many

beneficial effects of patchouli alcohol have been demonstrated,

such as anti-inflammatory, antibacterial, anticancer, and

anticolitis effects (Lee et al., 2020). Wu et al. (2020) built the

murine model of gut mucositis by 5-fluorouracil and

administered patchouli alcohol to assess its role on intestinal

mucositis. The results indicated that patchouli alcohol

manifested similar effect with the positive drug CBL. The

general examination (weight, food ingestion, and diarrhea) in

animals was adopted to determine the effect of patchouli alcohol

on gut mucositis. Inflammatory factors, mucosal barrier proteins,

and enteric microbiome were measured to illustrate the potential

mechanism of patchouli alcohol against gut mucositis in animals.

Experimental results indicated that patchouli alcohol effectually

improved weight, food ingestion, and diarrhea in the murine

mucositis model, which preliminarily certified the effect of

patchouli alcohol. Further tests displayed that patchouli

alcohol dramatically reduced the expressions of TNF-α, IL-1β,
IL-6, and MPO and elevated the expression of IL-10.

Furthermore, the levels of intestinal barrier proteins (e.g., ZO-

1, occludin, claudin-1, and mucin-1) and microflora structure

were also improved after patchouli alcohol administration in

mucositis murines. Therefore, patchouli alcohol may treat

intestinal mucositis through decreasing inflammation,

sustaining intestinal barrier function, and adjusting gut

microbiome.

β-patchoulene, a natural sesquiterpene, is one of the active

ingredients in Pogostemon cablin (Swamy and Sinniah, 2015).

Studies have shown that ß-patchoulene possesses anti-

inflammatory, anticolitis, and hepatoprotective effects. Wu

et al. (2021) probed the effect and potential mechanism of ß-

patchoulene in ameliorating 5-fluorouracil-treated intestinal

mucositis in IEC-6 cells and murines. Results indicated that

ß-patchoulene had similar effect with the positive drug

loperamide, prominently restoring cell activity, increasing

body weight and food ingestion, and relieving the pathologic

diarrhea symptoms in the gut mucositis rats. Aquaporin is

significant for maintaining water fluid homeostasis, and its

unusual expression is related to pathological diarrhea in

intestinal mucositis. ß-patchoulene exerted a critical role in

restraining AQP3 by the cAMP/PKA/CREB signaling

pathway. Moreover, inflammation-caused mucus barrier
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damage destroyed water transport and exacerbated diarrhea in

intestinal mucositis animals. The function of ß-patchoulene on

restraining inflammation and restoring the mucus barrier

reinforced its adjustment of water transport and therefore

relieved diarrhea in gut mucositis murines. In conclusion, ß-

patchoulene alleviated intestinal mucositis in murines primarily

through improving water transport and the mucus barrier, and

these activities were related to its role on restraining the cAMP/

PKA/CREB signaling pathway.

Glycyrrhizic acid, a triterpene glycoside, is the most

significant active constituent of Glycyrrhiza uralensis,

Glycyrrhiza inflata, and Glycyrrhiza glabra. Research works

have shown that glycyrrhizic acid has anti-inflammatory,

antiviral, antioxidative, anticancerous, and immunoregulatory

properties (Chen K. et al., 2020). In consideration of the poor

pharmacokinetics of glycyrrhizic acid and the prominent

therapeutical effect of glycyrrhizic acid-loaded polymeric

nanocarriers in intestinal diseases, Zeeshan et al. (2021)

investigated their protective role on 5-fluorouracil-induced gut

mucositis in murines. Polymeric nanocarrier has been testified to

be an effective drug delivery vehicle for the long-range therapy of

inflammatory ailments; however, its effect on 5-fluorouracil-

induced mucositis has not yet been investigated. Thus,

glycyrrhizic acid-loaded polylactic-co-glycolic acid (GA-

PLGA) nanoparticle was prepared to assess its preventive and

therapeutical effect in 5-fluorouracil-induced mucositis animals.

GA-PLGA nanoparticle was produced with an improved double

emulsion method, physically and chemically characterized, and

tested for in vitro drug release. Then, induction of mucositis was

conducted by giving 5-fluorouracil to the murines for the first

three days, and GA-PLGA nanoparticles were administered to

the animals for seven days. GA-PLGA nanoparticle observably

decreased the mucositis seriousness concerning body weight,

diarrhea scoring, pain, and asitia. Furthermore, 5-fluorouracil

caused intestinal histopathologic injury, increased villus-crypt

length, decreased goblet-cell quantity, increased pro-

inflammatory factors, and restrained antioxidases.

Nevertheless, all the deteriorations were restored by GA-

PLGA nanoparticle. The results of morphology, behavior,

histology, and biochemistry indicated that GA-PLGA

nanoparticle was effective, biocompatible, targeted and slow-

release nanovehicle drug delivery for enhancing mucoprotective,

antiphlogistic, and antioxidative actions in 5-fluorouracil-

induced intestinal mucositis.

Flavonoids

Rutin, also known as vitamin P, is a glycoside of the flavonoid

quercetin, derived from many edible and officinal plants, such as

Saussurea involucrata, Hippophae rhamnoides, Ruta

graveolenslens, and Sophora japonica. Extensive research works

have shown that rutin possesses antimicrobial, anti-

inflammatory, anticancerous, and antidiabetic effects

(Ganeshpurkar and Saluja, 2017). Fideles et al. (2020)

investigated the function of rutin on 5-fluorouracil-induced

experimental gut mucositis. The Swiss murines were randomly

separated into seven groups: saline, 5-fluorouracil, rutin-50,

rutin-100, rutin-200, celecoxib, and celecoxib + rutin-200

groups. The animals were weighed every day. After therapy,

the mice were executed and fragments of the small intestine were

gathered to assess the histopathologic changes, the levels of

MDA, MPO and GSH, mastocyte and goblet cell amount, and

COX-2 vitality. Moreover, the immunohistochemical analysis

was also conducted in the study. Rutin administration suppressed

5-fluorouracil-induced histopathologic variations and decreased

the oxidant stress through decreasing MDA level and elevating

GSH level. Moreover, rutin alleviated the inflammatory reaction

via reducing MPO vitality, enteric mastocytosis, and COX-2

activity. The result indicated that the COX-2 pathway might

be one of the potential protective targets of rutin in treating 5-

fluorouracil-induced intestinal mucositis.

Quercetin, a natural flavonoid, isolated frommany medicinal

and edible plants, such as Sophora japonica, Platycladus

orientalis, and Alpinia officinarum. Modern studies have

shown that quercetin has antioxidative, anti-inflammatory,

antibacterial, and antineoplastic activities (Li et al., 2016).

Sukhotnik et al. (2018)assessed the protective effect of

quercetin on methotrexate-treated gut injury in SD rats.

Results indicated that quercetin notably decreased the enteric

damage scores, increased the enteral and mucosal weight of the

jejunum and ileum, the protein level in ileum, the length of villi in

the ileum, and the depth of crypts in the jejunum and ileum.

Moreover, quercetin treatment markedly improved cell

proliferation in both the jejunum and ileum through

upregulating p-ERK protein expression and downregulating

caspase-3. These results indicated that quercetin could restrain

gut injury and promote gut restoration after methotrexate-

induced gut mucositis. In addition, Lotfi et al. (2021)further

found that quercetin and its nanoemulsion formulations

exhibited protective effects on 5-fluorouracil-treated gut

mucositis in mice. The oxidant–antioxidant balance was

regulated by quercetin via increasing CAT level and

decreasing MDA concentration, and HIF-1α and NF-κB
expression.

Luteolin is a usual flavone derived frommany kinds of plants,

including fruits, vegetables, and Chinese herbal medicines. A

great deal of research has shown that luteolin possesses

antioxidative, anticancerous, antiallergic, and anti-

inflammatory activities (Aziz et al., 2018). Boeing et al. (2020)

investigated the role and mechanism of luteolin against

irinotecan-treated gut mucositis in murines. Clinical

symptoms, histologic, oxidized, and inflammatory indicators

were examined, along with the potential effect of luteolin on

the antineoplastic role of irinotecan. The results indicated that

luteolin improved irinotecan-induced gut injury through
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decreasing weight loss and diarrhea scores and suppressing the

shortening of the dodecadactylon and colon. Histologic

examination proved that luteolin restrained villi shortening,

vacuolation, and cell apoptosis and maintained the

mucoprotein level in the dodecadactylon and colon.

Furthermore, luteolin administration alleviated irinotecan-

induced oxidant stress through decreasing the expressions of

ROS and LOOH and increasing endogenic antioxygens and

suppressed inflammatory symptoms through reducing MPO

vitality, TNF-α, IL-1β, IL-6 productions, and elevating IL-4

and IL-10 productions. Disruption of the tight junctions ZO-1

and occludin could also be reversed by luteolin administration. It

is noteworthy that luteolin had no effect on the anticancer role of

irinotecan. In brief, luteolin may be a promising candidate to

inhibit intestinal mucositis caused by irinotecan.

Baicalein, a natural flavone, is predominantly found in the roots

of Scutellaria baicalensis. It has been proven that baicalein possesses

antioxidative, antiviral, antibacterial, anti-inflammatory,

antiallergenic, and antitumor effects (Dinda et al., 2017). Wang

et al. (2020c) estimated the therapeutical effect of baicalein against

chemotherapy-induced gut mucositis in murines. Simultaneously,

the role of enteric microflora modulation in the therapeutical action

of baicalein was explored. Male BALB/c murines were randomly

separated into three groups, namely, the normal control, model, and

experimental groups. Apart from normal control group, murines

were treated with 5-fluorouracil and irinotecan to establish the

intestinal mucositis model. Baicalein notably decreased the DAI

of intestinal mucositis animals and the levels of IL-6 and TNF-α in

serum. There were remarkable discrepancies in the constitution of

the intestinal microflora among groups based on the analyses of

a-diversity, ß-diversity and the species discrepancies. In comparison

with the normal group, the Ruminococcaceae_UCG_014 and

Lachnospiraceae in murines of the model group were markedly

reduced, while Bacteroides, Escherichia_Shigella, Enterococcus,

Parabacteroides, Clostridium_ sensu_stricto_1, and Lactococcus

were observably elevated. After baicalein treatment, the levels of

Bacteroides, Escherichia_Shigella, Parabacteroides, Enterococcus,

Clostridium_sensu_stricto_1, and Lactococcus were notably

reduced and Muribaculaceae was elevated. The levels of IL-6 and

TNF-α in the serum of the three groups were positively related to the

levels of Clostridium_sensu_stricto_1, Lactococcus, Bacteroides. and

Enterococcus based on the association analysis. The present research

indicated the promising efficacy of baicalein on intestinal mucositis

murines. Modulation of intestinal microflora possibly exerted a

crucial role in the therapeutic effect of baicalein.

Diadzein is a natural isoflavone mainly extracted from

Pueraria lobata and soybeans. Extensive pharmacologic

actions of diadzein were proven, including anticancer, anti-

inflammatory, and antidiabetic activities (Feng et al., 2015).

Atiq et al. (2019)investigated the effect of diadzein on gut

mucositis treated with 5-fluorouracil and payed close attention

to oxidant stress and inflammatory indicators in murines.

Animals were given 5-fluorouracil to induce mucositis once

daily for three days, and diadzein was given once daily for

seven days. The results showed that diadzein exerted a

comparable effect with the positive drug mesalazine.

Administration of diadzein decreased the seriousness of

mucosa damage in a dosage-dependent manner. Diadzein

prominently suppressed weight reduction, alleviated diarrhea,

and improved histopathologic deformity related to inflammatory

symptoms. Furthermore, diadzein observably improved the

enteric wall histopathology through decreasing infiltration and

arrested restraint of antioxygen via 5-fluorouracil treatment.

Nitrite levels in enteral tissues were decreased by diadzein,

which accorded with the regulation of inflammatory

mediators. In addition, diadzein also improved the microbial

profile through decreasing the count of pathogens and increasing

the level of probiotic bacteria. Collectively, this research indicated

that diadzein possessed prominent protective effect against

mucositis in 5-fluorouracil-treated mucositis model, and the

therapeutical effect of diadzein may be associated with the

restraint of oxidant stress and inflammatory response.

Puerarin, a natural isoflavone, is the major constituent

derived from the roots of Pueraria lobata. Research works

have shown that puerarin has antitumor, antiviral,

antioxidative, and anti-inflammatory effects (Zhang, 2019).

Wang L. et al. (2021) built a murine model of gut mucositis

through intraperitoneally injecting 5-fluorouracil and then

administrating puerarin for seven days. Regular indices

including weight, food intake, and diarrhea were measured to

assess the effect of puerarin on gut mucositis in murines. The

function of gut barrier was also assessed through determining the

serum recovery of fluorescein isothiocyanate-4kD dextran. The

expressions of inflammatory factors, oxidative reactions, and

apoptosis marker proteins were examined to illuminate the

potential mechanism of puerarin against gut mucositis.

Results suggested that the model murines appeared

representative symptoms and histopathologic variations of 5-

fluorouracil-induced gut mucositis. Drastic inflammatory

symptoms, oxidation reactions, cell apoptosis, and JAK were

significantly stimulated. Puerarin reduced the expressions of

inflammation-related proteins, oxidation reactions and

apoptosis in 5-fluorouracil-induced mucositis through

blocking JAK activation. In conclusion, puerarin reduced

inflammatory symptoms, oxidation reactions and apoptosis,

and protected enteric barrier function to alleviate 5-

fluorouracil-treated gut mucositis via suppressing JAK

activation. This work suggested that puerarin might be a

promising natural JAK depressor for the treatment of 5-

fluorouracil-induced intestinal mucositis.

Quinones

Dihydrotanshinone I is an important active constituent in

Salvia miltiorrhiza, which has been reported to exert antitumor,
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anti-inflammatory, and cardioprotective roles (Chen et al., 2019).

Wang et al. (2020a) probed the action of dihydrotanshinone I

against intestinal mucositis induced by 5-fluorouracil and

irinotecan in murines. They determined the level of enteric

mucosa injury and inflammatory reaction in gut mucositis

animals with or without dihydrotanshinone I treatment. Body

weight and DAI of murines were daily examined. H&E staining

was adopted to assess the pathologic injury. The levels of IL-6,

TNF-α, TG, and diacylglycerol in serums were measured using

commercial kits. The variations of fecal microbiome were also

probed via 16S rRNA high throughput sequencing. Spearman

association analyses were employed to assess the relevance

between fecal microbiome and inflammatory cytokines.

Tax4Fun was used to explore the possible role of gut

microflora. The result indicated that dihydrotanshinone I

markedly decreased the DAI score, enteric mucosa injury, and

inflammatory reaction in gut mucositis murines by reducing the

serum IL-6 and TNF-α levels. Moreover, there was close

relationship between fecal microbiome and inflammatory

cytokines. Dihydrotanshinone I effectively restored the

maladjusted faecal microbiome and increased the level of

Akkermansia. Dihydrotanshinone I also improved bacteria

species, which facilitated butyric acid metabolism or were

negatively related to inflammatory cytokines. In addition,

species improved by dihydrotanshinone I in faecal

microbiome were possibly associated with the glutamine level

and ammonia oxidization. In brief, this research indicated that

dihydrotanshinone I effectually alleviated gut mucositis caused

by 5-fluorouracil and irinotecan in murines. Adjustment of the

composition and function of fecal microbiome possibly exerted

an important effect in the therapeutical action of

dihydrotanshinone I in intestinal mucositis animals.

Cryptotanshinone is a natural quinone compound

predominantly existed in Salvia miltiorrhiza. Studies have

indicated that cryptotanshinone has anti-inflammatory,

anticancerous, antibacterial, neuroprotective, and

cardioprotective effects (Li et al., 2021). Wang et al. (2020b)

explored the therapeutical action of cryptotanshinone on

chemotherapy-induced gut mucositis in murines.

Chemotherapy-caused gut mucositis was induced through

intraperitoneally injecting 5-fluorouracil and irinotecan for

four days. A pseudo-sterile murine model was established

through intragastrically administering mixed antibiotics

(metronidazole, vancomycin, and penicillin). Weight, DAI,

and fasces of murines were daily examined and the levels of

inflammatory cytokines, TC, TG, and lipase vitality in serums or

colon mucosa of intestinal mucositis animals were measured.

They also probed the constitution and relative abundance of fecal

microflora. The relation of the relative abundance of fecal

microflora and environmental aspects was further analyzed.

Cryptotanshinone observably reduced DAI, and the

expressions of IL-6, IL-11, MPO, and DAO in the serums of

intestinal mucositis murines. Cryptotanshinone effectually

elevated the level of TG while decreased TC and lipase vitality

in the serums. It was indicated that the incidence of

chemotherapy-induced mucositis in the pseudoaseptic model

group was prominently decreased. In the meantime, there was

no remarkable discrepancy in the levels of inflammatory

cytokines and TG/TC ratio between the pseudoaseptic model

and normal control groups. There was a prominent discrepancy

in the diversity and constitution of fecal microbiome among

groups. Furthermore, cryptotanshinone recovered the

constitution of fecal microbiome close to normal and

observably elevated the levels of Muribaculaceae and

Ruminococcaceae_UCG-014. Specially, Ruminiclostridium and

Muribaculaceae showed a remarkable positive relation to TG

but a negative relation to DAO, MPO, IL-6, lipase, and TC. In

brief, cryptotanshinone effectually relieved gut mucositis in

murines induced by 5-fluorouracil and irinotecan through

modulating the fecal microbiome, inflammatory cytokines,

and serum lipids.

Phenylethanoid glycosides

Forsythiaside A is the major active constituent derived from

Forsythia suspensa and has excellent biological activities.

Pharmacological research works have proven that forsythiaside

A has remarkable activities in treating multiple diseases, including

inflammation, virus and bacterial infection, oxidative stress, and

hepatic damage (Gong et al., 2021). Lang et al. (2022) explored the

effect and mechanism of forsythiaside A on chemotherapy-

induced gut mucositis in murines. In brief, for three days, male

SD murines were treated with 7 mg/kg methotrexate to induce

intestinal mucositis and simultaneously administered with 40 or

80 mg/kg forsythiaside A for seven days. The result indicated that

the final body weight and daily food uptake were elevated, and the

DAI score was decreased by forsythiaside A administration. The

methotrexate-treated rats exhibited pathologic changes including

inflammatory infiltration, mucosa layer destruction, gland

expansion, enteric villus structure disorder, and goblet cell

reduction, whereas administration with 80 mg/kg forsythiaside

A showed obvious beneficial roles. ELISA assay further

indicated that the serum levels of TNF-α, IL-1β, and IL-18 in

methotrexate-induced animals were decreased after forsythiaside

A administration. Furthermore, forsythiaside A reduced the

amounts of leukocytes, neutrophils, and lymphocytes in

peripheral blood. Western blotting and immunofluorescence

results showed that the expressions of NLRP3, cleaved caspase

1 and cleaved IL-1β and CD68 positive rate were reduced in

methotrexate-induced murines after forsythiaside A treatment. In

conclusion, forsythiaside A effectively restrained methotrexate-

induced intestinal mucositis through alleviating the activation of

NLRP3 inflammasome.

Acteoside is an important active component, which mainly

exists in medicinal plants like Rehmannia glutinosa and
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Cistanche deserticola. At present, acteoside has been found to

exert anti-inflammatory, antioxidative, and anticancer effects

(Zhou et al., 2020). Reinke et al. (2015) explored the effect of

acteoside in the treatment of intestinal mucositis. C57BL/

6 murine was administered daily with 600 μg acteoside for

five days before inducing intestinal mucositis and throughout

the experiment. Induction of intestinal mucositis was conducted

by methotrexate, and mice were executed on the fifth and

eleventh days after methotrexate. The dodecadactylon,

jejunum, and ileum were collected to examine MPO vitality,

MT expression, and histological features. Acteoside decreased

histological severity scores by 75, 78, and 88% in the

dodecadactylon, jejunum and ileum in comparison with the

methotrexate controls on the fifth day, respectively. Acteoside

also decreased crypt depth by 49, 51, and 33% and elevated villus

height by 19, 38, and 10% in the dodecadactylon, jejunum, and

ileum in comparison with the methotrexate controls on the fifth

day, respectively. Moreover, acteoside reduced the MT level by

50% in comparison with the methotrexate control murine on the

fifth day. Moreover, acteoside reduced the MPO level by 60 and

30% in the dodecadactylon and jejunum in comparison with the

methotrexate controls on the fifth day, respectively. The results

indicated that acteoside relieved methotrexate-induced intestinal

mucositis probably through suppressing inflammation.

Polyphenols

Melastoma malabathricum is a common herb and mainly

adopted to treat multiple gastrointestinal diseases in China

(Al-Sayed et al., 2020). Chen et al. (2022) isolated an active

compound casuarinin from the root of Melastoma

malabathricum and explored the therapeutic effect and

mechanism of casuarinin in 5-fluorouracil-treated gut

mucositis murines. Results indicated that casuarinin

notably improved 5-fluorouracil-induced body weight loss

and ingestive reduction, and also prominently reversed

villus atrophy, restored the proliferative activity of the

enteric crypts, and restrained inflammatory symptoms and

enteric barrier dysfunction in the murine model of 5-

fluorouracil-treated gut mucositis. Moreover, casuarinin

also reversed 5-fluorouracil-induced intestinal microflora

dysbiosis, especially the level of Actinobacteria, Candidatus

Arthromitus, Lactobacillus murinus, and the Firmicutes-to-

Bacteroidetes ratio. In conclusion, casuarinin could improve

5-fluorouracil-treated gut mucositis by favorably regulating

inflammation, gut barrier dysfunction, and intestinal

microflora imbalance. Therefore, casuarinin might be a

prospective candidate for the treatment of intestinal

mucositis.

Curcumin, a natural diketone, mainly exists in Curcuma

longa, Curcuma aromatica, Curcuma zedoaria, and Acorus

calamus. For a long time, curcumin has been widely used in

the food industry as a common natural pigment, and also exhibits

antioxidative, antibacterial, antiviral, antitumor, and anti-

inflammatory activities (Hewlings and Kalman, 2017).

Considering the anticancer effect of curcumin and its

protective effect in intestinal diseases, Wang et al. (2021)

explored the role of curcumin in inflammation and enteric

epithelial cell injury in gut mucositis animals. 5-fluorouracil

was adopted to induce intestinal mucositis in gut epithelia

cells, and diverse levels of curcumin were given. Experimental

data indicated that curcumin effectively alleviated 5-fluorouracil-

induced injury to IEC-6 cells, restrained the expressions of

inflammatory factors, increased cell vitality, and exerted

antiapoptotic role on IEC-6 cells. RNA sequencing analyses

and experimental verification demonstrated that curcumin

exerted protective effect on 5-fluorouracil-induced gut

mucositis in enteral epithelia cells through inhibiting the IL-6/

STAT3 signaling pathway. In conclusion, the results manifested

that curcumin may be a potential therapeutical candidate in

preventing and treating chemotherapy-induced intestinal

mucositis.

Alkylamide

Spilanthol, a major alkylamide from Acmella oleracea,

possesses narcose, analgesic, and anti-inflammatory actions

(Silveira et al., 2018). de Freitas-Blanco et al. (2019)assessed

the effect of spilanthol on gut mucositis in Swiss murine elicited

by 5-fluorouracil. Continuous dose of 5-fluorouracil led to gut

mucositis and consequently decreased food ingestion and

weight reduction. Experimental data suggested that

spilanthol (30 mg/kg) prominently reduced the seriousness of

gut mucositis, restrained histopathologic deterioration, and

increased the villi length in mice administered with

spilanthol compared with the 5-fluorouracil treatment

group. Though a few pro-inflammatory factors were not

quantifiable in any group, reduction of MPO vitality was

obvious in mice administered with spilanthol. In brief, the

results indicated that spilanthol efficiently decreased the

inflammatory symptoms in gut mucositis mice treated with

5-fluorouracil, and this natural compound may be a potential

therapeutical candidate for gut mucositis.

Alkaloid

Berberine is a natural isoquinoline alkaloid existed in a lot of

medicinal plants including Coptis chinensis, Phellodendron

chinense, and Berberis soulieana. Modern pharmacological

studies have shown that berberine possesses hypoglycemic,

hypolipidemic, antibacterial, and anti-inflammatory activities

(Kumar et al., 2015). Chen H. T. et al. (2020)explored the

function and mechanism of berberine on gut mucositis rats
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treated by 5-fluorouracil. Results indicated that berberine

treatment exhibited decreased weight loss, reduced diarrhea

score, and increased colon length in 5-fluorouracil-induced

gut mucositis rats. Meanwhile, berberine dramatically

increased the occludin level in ileum and lowered the D-lactic

acid content in serum. In addition, berberine prominently

restrained inflammatory response through inhibiting the

production of intestinal inflammatory cytokines TNF-α, IL-6,
and IL-1β. Moreover, berberine reversed the changes of fecal

metabolites and regulated metabolic pathways via increasing the

levels of acetate, butyrate, propionate, and glutamine.

Importantly, berberine effectively modulated the gut

microbiota structure. The relative abundance of Firmicutes,

Porphyromonadaceae, Lachnospiraceae, Lactobacillus,

Clostridiales, Ruminococcus, Prevotella, and Clostridium IV

was upregulated, while Proteobacteria and Escherichia_Shigella

were decreased by berberine treatment. Significantly, fecal

transplantation from berberine-treated rats could relieve

intestinal mucosal injury. Yue et al. (2021)also found that

berberine conspicuously ameliorated gut mucositis in

irinotecan-treated mucositis murines and SN38-stimulated

NCM460 or Caco-2 cells. The underlying mechanism might

be closely associated with the suppression of pro-

inflammatory mediators (including COX-2, iNOS, TNF-α, IL-
8, and IL-1β), bacterial GUS activity and the improvement of

mucosal barrier integrality by elevating the protein expression of

ZO-1, occludin, and claudin-1 and decreasing the levels of LPS,

DAO, and FITC-dextran fluorescence. In summary, these results

offered novel clues into the potential usage of berberine in

preventing and treating intestinal mucositis.

Discussion

Chemotherapy for malignant tumors can cause changes in

the structure and function of the gastrointestinal tract. 5-

fluorouracil, an important chemotherapeutic drug, is widely

used to treat advanced colorectal carcinoma and malignant

tumors in head and neck (Cheah et al., 2014b; Huang et al.,

2022). Consecutive oral administration of 5-fluorouracil leads

to serious toxic reactions, especially gut mucositis, which is

mainly ascribed to the destruction of intestinal structure and

integrity. Moreover, epithelial cell apoptosis, oxidative stress,

inflammatory response, and intestinal microflora disorder are

closely associated with the deterioration of intestinal

mucositis.

Intestinal barrier is composed of epithelia barrier and

mucosal layer. The intact mucosal layer is a barrier to stop

water runoff and eliminate inspiratory foreign matters,

including microorganisms, inflammatory cells, and pollutants

(Bajka et al., 2015; Zhao and Maynard, 2022). When intestinal

mucositis appeared, slime layer is exhausted with reduced level of

mucins (mucin-1 and mucin-2) and goblet cell dysregulation

(Kawashima et al., 2015; Thorpe et al., 2020). Malfunction of the

mucus layer, in turn, exacerbated inflammatory symptoms and

impaired the water-holding capability of the gastrointestinal

tract, caused aquaporins over expression, and ultimately

resulted in serious diarrhea in intestinal mucositis murines

(Ikarashi et al., 2016). In the current review, patchouli alcohol,

ß-patchoulene, glycyrrhizic acid, rutin, and forsythiaside A could

effectively improve the content of goblet cells or mucins. Of note,

ß-patchoulene enhanced the mucus layer function and decreased

aquaporin 3 level, thus recovering the murine’s water-holding

capability. The association analysis also showed that aquaporin

3 and diarrhea symptoms were strongly associated with mucus

layer function.

Intestinal epithelia establish the maximal and most

significant barrier between inner and outer surroundings.

Research works have indicated that enteric epithelium

barrier is destroyed in gastrointestinal disorders, such as

ulcerative colitis and gut mucositis (Xiong et al., 2019; Jin

et al., 2022). TJs are the apical adhesive junction complexes

in epithelial cells of mammals. Deficiency of TJs results in an

enhancement in enteric penetrability and promotes the

development of enteric inflammation (Panwar et al., 2021).

TJ membrane-spanning proteins, such as ZO-1, ZO-2,

occludin, and claudins, exert a synergic action in controlling

the entry and exit of ionic solute and maintaining enteric

penetrability. ZO is a kind of cytoplasmic scaffolding

protein, which anchors TJ membrane protein to the

cytoskeleton through interaction (Skamrahl et al., 2021).

Claudins are the critical constituents of intercellular TJs and

take charge of paracytic solute flux (Tanaka et al., 2015). As a

necessary membrane-spanning protein, occludin is significant

for TJ integrity. In addition, MLCK exerts a key effect in TNF-

α-induced enteric penetrability. MLCK restraint stops MLC

phosphorylation and maintains enteric TJ barrier, leading to

the inhibition of enteric inflammation (Wang J. et al., 2021).

Current research works have found a destruction of the enteric

intercellular structure, with an increase in enteric penetrability,

reduced TJs levels, and abnormal high expressions of MLC,

MLCK and p-MLC proteins in mucositis murines. However,

patchouli alcohol, ß-patchoulene, luteolin, casuarinin, and

berberine exhibited beneficial action on enteric penetrability

by elevating the levels of TJs (ZO-1, claudin-1, or occludin),

thus resulting in further maintaining enteric epithelia barrier.

Moreover, the increased level of MLCK and p-MLC were

significantly inhibited by puerarin and patchouli alcohol

treatments.

Inflammatory infiltration is a typical feature of mucositis.

MPO vitality and pro-inflammatory factors have been found to

increase under inflammatory conditions (Li et al., 2020).

Excessive production of ROS and uncontrolled inflammatory

symptoms could disturb enteric homeostasis, change the normal

microflora and stimulate a sequence of acute reactions to injure

cells and tissues, resulting in mucosa damage and mucositis
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(Boeing et al., 2020). The content of antioxidases decreases or

cannot remove superfluous ROS, resulting in elevated oxidative

stress and cell injury (Yoneda et al., 2021). Moreover, convincing

evidence have demonstrated that elevated expressions of

inflammatory factors were strongly related to the destruction

of enteric mucosa barrier (Tappenden, 2008). Research works

have indicated that 5-fluorouracil treatment could elevate the

expressions of pro-inflammatory cytokines (COX-2, iNOS, IL-6,

IL-1β, and TNF-α), reduce antioxidant enzymes (SOD, GST, and

CAT), and induce mucosa injury (Aghabozorgi et al., 2020).

However, costunolide, thymol, saikosaponin A, rutin, luteolin,

and casuarinin have been proven to possess anti-inflammatory

action and relieve oxidative stress by reducing the generation of

pro-inflammatory factors and elevating the expressions of

antioxidants.

TLRs possess critical effects in adjusting the enteric epithelia

barrier and congenital immunization. TLR2 induce NF-κB
activation to regulate the gene levels of inflammatory

mediators by Toll/IL-1 receptor domain with adapter protein

MyD88 (Takeuchi and Akira, 2002; Zhang et al., 2021). Proper

expression of TLR2 insures antiapoptotic action, resulting in the

adjustment of TJs in enteric epithelia cells (Lin et al., 2013). NF-

κB is a significant coordinator of congenital and adaptive

immunoreactions, taking part in the regulation of

FIGURE 3
Mechanism of natural terpenoids in the therapy of intestinal mucositis.

FIGURE 4
Mechanistic diagram of natural flavonoids in the treatment of intestinal mucositis.
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inflammatory symptoms and cell cycle. NF-κB activation induces

the abnormal expression of its downstream genes, including

iNOS, COX-2, chemokines, adhesion molecules, and pro-

inflammatory factors (Luqman and Pezzuto, 2010). In

addition, STAT3 is a cellular signal transcription factor, which

plays a key role in hyperplasia, differentiation, transference, and

survival. Enduring STAT3 activation is deemed to accelerate

chronic inflammation, which elevates susceptibility of healthy

cells to carcinogenesis (Lei et al., 2021). When the enteric mucosa

is activated, increased IL-6 can stimulate the phosphorylation of

STAT3 and feedback to NF-κB (Ke et al., 2015). In the present

review, patchouli alcohol, thymol, puerarin, and forsythiaside A

remarkably restrained intestinal mucositis in animal or cell

models, which was intimately associated with the suppression

of TLR2/MyD88/NF-κB, IL-6/STAT3, TGF-β/MAPK, and

NLRP3 signaling pathways.

Intestinal microbiota homeostasis is a significant element

for gastrointestinal health. Numerous research works have

shown that gut microflora disorder exhibits a crucial effect

in gastrointestinal diseases, including colitis, bacterial

dysentery, and chemotherapy-induced mucositis

(Varankovich et al., 2015). Microbial diversity analysis has

shown that compared with the normal group, the intestinal

microbial structure of mucositis animals changed significantly.

Moreover, microflora takes part in the change of inflammatory

cell factors (Li et al., 2017). Bacteroides, Bifidobacterial,

Lactobacilli, Escherichia, Helicobacter, and Parabacteroides

are strongly associated with the progression and seriousness

of mucositis. Bifidobacterial and Lactobacilli are indicated to be

capable of restraining NF-κB activation, increasing TJs protein

level, and reducing enteric penetrability (Khokhlova et al., 2012;

Wu et al., 2016). Bacteroides, Escherichia, Helicobacter, and

Parabacteroides are often deemed to be the pathogenic bacteria

or conditioned pathogens (Zhang et al., 2018). For instance,

rises in Parabacteroides and Bacteroides amounts contribute to

colitis in murines, Helicobacter pylori infection contributes to

peptic ulcer disorder and stomach tumors, and Escherichia is

profitable for gut inflammation in vivo. Bifidobacterium infantis

alleviates Th1 cell reaction through adjusting cell factors and

differentiation-related factors in chemotherapy-induced gut

mucositis murines (Mi et al., 2017). In terms of

Lactobacillus, it contributes to reducing the colonic pH and

the development of pathogens (Yeung et al., 2020). In this

review article, 5-fluorouracil induced structure disorder of

intestinal microflora characterized by elevated Bacteroides,

Escherichia coli, Proteobacteria, Bacteroidia, Proteobacteria,

Helicobacter, Pasteurellaceae, Verrucomicrobiaceae, and

reduced relative abundances of Bacteriodetes, Lactobacillus

spp., Actinobacteria, and Lactobacillus murinus, which were

reversed by saikosaponin A, patchouli alcohol, baicalein,

daidzein, dihydrotanshinone, casuarinin, and berberine

treatment.

Conclusion

The present review generalizes the significant and beneficial

roles of plant-derived natural compounds in attenuating

intestinal mucositis in pioneering endeavor. Their protective

mechanisms against intestinal mucositis might involve

improving intestinal barrier function, decreasing enterocyte

apoptosis, regulating gut microbiota, and inhibiting

inflammatory reaction and oxidant stress predominantly

through blocking TLR2/MyD88/NF-κB, TGF-β/MAPK, JAK2/

STAT3, Nrf2/HO-1, and NLRP3 inflammasome pathways

(Figures 3, 4). Taken together, these findings provide

experimental and scientific evidence for utilizing plant-derived

natural compounds as drug candidates to treat intestinal

mucositis. However, further in-depth preclinical and clinical

trials are warranted to clarify the molecular mechanism to

facilitate the potential clinical transformation of natural

compounds like costunolide, andrographolide, patchouli

alcohol, and berberine in the treatment of intestinal mucositis.
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Glossary

AQP3 aquaporin 3

CAT catalase

CBL live combined bifidobacterium

C-Casp cleaved caspase

CG cathepsin G

COX-2 cyclooxygenase-2

CPT-11 irinotecan hydrochloride

CREB element-binding protein

DAI disease activity index

DAO diamine oxidase

DMSO dimethylsulfoxide

5-FU 5-fluorouracil

GPx glutathione peroxidase

GSH glutathione

GST glutathione S-transferase

GUS ß-glucuronidase

HIF-1α hypoxia-inducing factor 1α
HO-1 hemoxygenase-1

IFN interferon

iNOS inducible nitric oxide synthase

IL interleukin

JAK janus kinase

KC keratinocyte chemoattractant

LOOH lipid hydroperoxides

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

MASCC/ISO mucositis study group of the multinational

association of supportive care in cancer/international society of

oral oncology

MDA malondialdehyde

MLC myosin light chain

MLCK myosin light chain kinase

MPO myeloperoxidase

MT metallothionein

NF-κB nuclear factor kappa-B

NE neutrophil elastase

NOx nitrogen oxide

NPSH non-protein sulfhydryl

Nrf2 nuclear factor erythroid 2-related factor 2

PCNA proliferating cell nuclear antigen

p-ERK phosphorylated extracellular signal-related kinase

p-IRF3 phosphorylated interferon regulatory factor 3

PGE2 prostaglandin E2

p-JNK phosphorylated c-Jun N terminal kinase

PKA protein kinase A

Pr3 proteinase 3

p-STAT3 phosphorylated signal transducer and activator of

transcription

p-TBK1 phosphorylated TANK-binding kinase 1

p-TYK phosphorylated TYK

ROS reactive oxygen species

SD Sprague–Dawley

SOCS3 suppressor of cytokine signaling 3

SOD superoxide dismutase

STAT3 signal transducers and activators of transcription 3

TBARS thiobarbituric acid reactive substances

TC total cholesterol

TG triglyceride

TJ tight junction

TNF tumor necrosis factor

TRPA1 transient receptor potential cation channel, subfamily A,

member 1

TYK tyrosine kinase

Tyr tyrosinase

ZO-1 zonula occludens
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