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Abstract: Inflammatory bowel disease (IBD) is a chronic inflammatory intestinal disorder, and
its complex etiology makes prevention and treatment challenging. Research on new drugs and
treatment strategies is currently a focal point. Phenolic acids are widely present in plant-based
diets and have demonstrated the potential to alleviate colitis due to their powerful antioxidant and
anti-inflammatory properties. In this review, we provide an overview of the structures and main
dietary sources of phenolic acids, encompassing benzoic acid and cinnamic acid. Additionally, we
explore the potential of phenolic acids as a nutritional therapy for preventing and treating IBD. In
animal and cell experiments, phenolic acids effectively alleviate IBD induced by drug exposure or
genetic defects. The mechanisms include improving intestinal mucosal barrier function, reducing
oxidative stress, inhibiting excessive activation of the immune response, and regulating the balance
of the intestinal microbiota. Our observation points towards the need for additional basic and clinical
investigations on phenolic acids and their derivatives as potential novel therapeutic agents for IBD.
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic intestinal disease with abdominal pain,
diarrhea, bloody stool, and other main symptoms, including ulcerative colitis (UC) and
Crohn’s disease (CD). CD can occur anywhere in the digestive tract, from the mouth to the
anus. It usually involves inflammation of the lining of the digestive tract and can lead to
symptoms such as abdominal pain, diarrhea, weight loss, and fatigue. UC mainly affects
the colon and rectum. It involves inflammation and ulcers in the lining of the colon, which
can cause symptoms such as abdominal pain, diarrhea, and rectal bleeding. IBD is a global
condition. Its evolution can be divided into four epidemiological stages: disease emergence,
accelerated incidence, disease exacerbation, and disease equilibrium [1]. Western countries
are in a worsening phase of the disease, with prevalence rising rapidly and reaching as
high as 1% in many areas by 2030. Developing countries are currently in the first stage of
disease evolution (the disease emergence stage). The number of IBD patients in China is
expected to exceed 1.5 million in 2025 [2,3].

The pathogenesis of IBD is associated with the interactions among genetic, environ-
mental, and immune response factors and the intestinal microbiota, which contributes
to the challenge of treating IBD. Currently, the clinical therapeutic repertoire for IBD is
predominantly constituted by traditional medications (including aminosalicylic acid prepa-
rations, glucocorticoids, and immunosuppressants), biological agents (such as anti-tumor
necrosis factor (TNF), interleukin (IL)-12/IL-23), and emerging small-molecule drugs (such
as Janus-activated kinase (JAK) inhibitors and sphingosine-1-phosphate (S1P) receptor mod-
ulators). However, up to 30% of patients still do not respond to initial treatment, and up to
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50% of patients respond over time, and long-term use can lead to many complications [4,5].
These issues prompt us to explore alternative therapies.

Diet is one of the key factors in the normal intestinal microenvironment, affecting
microbial composition, function, the intestinal barrier, and host immunity [6]. In recent
years, dietary intervention has emerged as a prominent research focus in both the pre-
vention and treatment of colitis, alongside complementary clinical approaches. Phenolic
acid is an important secondary metabolite containing phenolic hydroxyl and carboxylic
groups widely distributed in higher plants and possessing various physiological functions
such as antibacterial, antioxidant, anti-inflammatory, and anticancer properties. In this
review, we summarize the main food sources of phenolic acids, as well as their role and
possible mechanisms in the prevention and treatment of colitis. This work aims to delve
into understanding how dietary adjustments can regulate the intake of phenolic acids,
effectively prevent and treat colitis, and provide valuable information and guidance for the
management of related diseases.

2. Chemical Structures and Primary Dietary Sources of Phenolic Acids

Phenolic acid refers to organic acids containing phenolic rings, which can be divided
into benzoic acids and cinnamic acids according to their structural characteristics (Table 1).

Table 1. Chemical structure of phenolic acids.

Phenolic Compounds Substituent Group
Salicylic acid 2-OH
Benzoic acid 3-Hydroxybenzoic acid 3-OH
Benzoic acid 4-Hydroxybenzoic acid 4-OH
o 2,3-Dihydroxybenzoic 2,3-OH
Gentisic acid 2,5-OH
OH Protocatechuic acid 3,4-OH
Gallic acid 3,4,5-OH
Vanillic acid 4-OH, 3-OCHj3
Isovanillic Acid 3-OH, 4-OCHj3
Syringic 4-OH, 3,5-OCHj3;
Cinnamic acid Cinnamic acid /
Cinnamic acid o-Coumaric acid 2-OH
Q p-Coumaric acid 4-OH
N oH Caffeic acid 3,4-OH
Ferulic Acid 4-OH, 3-OCHj3
Sinapic acid 4-OH, 3,5-OCHj3
Chlorogenic acid 3,4-OH, 1-Quinic

Phenolic acids are omnipresent in edible vegetables, fruits, and nuts, with an estimated
average daily consumption of 1-2 g of these components in a human diet [7]. Salicylic
acid, a secondary metabolite associated with plant disease resistance and abiotic stress
response, exhibits higher levels in nectarines (3.29 mg/kg), asparagus (1.29 mg/kg), and
spices like cumin (29.76 mg/kg), black cumin (25.05 mg/kg), and paprika (28.25 mg/kg) [8].
Protocatechuic acid is more abundant in traditional Chinese medicine and berries such
as Eucommia ulmoides (1720 mg/100 g), black olives (21 mg/100 g), and black raspberries
(8.35 mg /100 g) [9]. Gallic acid is plentiful in plants like rhubarb, eucalyptus, ornus offici-
nalis, and Chinese pistache [10]. Vanillic acid is prominent in the roots of Angelica sinensis
and is also found in wine, vinegar, and argan oil. Syringic acid, as one of the abundant
phenolic compounds, is present in olives, dates, spices, pumpkins, grapes, Brazilian palm
trees, honey, red wine, and other plants. Cinnamic acid is found in high concentrations
in cinnamon and is also present in citrus fruits, tea, spinach, and celery. p-Coumaric
acid is extensively found in fruits (such as apples, pears, grapes, oranges, tomatoes, and
berries), vegetables (including legumes, potatoes, and onions), and grains (such as corn,
oats, and wheat). It is also present in Ganoderma lucidum (1386.4 mg/kg), Cantharellus
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cibarius (2420 mg/kg), lingonberry (85 mg/kg), northern crowberry (122 mg/kg), and sea
buckthorn (37 mg/kg) [11]. Sinapic acid is found in fruits, vegetables, grains, oil crops, and
certain medicinal plants. In citrus fruits, lemons and Meyer oranges exhibit the highest
sinapic acid content, reaching 72.1 pg/g and 50.1 ng/g (dry weight), respectively. Among
berries, strawberries and American cranberries demonstrate sinapic acid content reaching
450 ug/g and 210 pg/g, respectively. Caffeic acid is widely present in fruits, vegetables,
and beverages, with coffee being a major source. Ferulic acid has a higher content in
traditional Chinese medicine, such as Angelic Sinensis Diels (0.05%) and Cimicifuga foetida
L. (2%), and is also found in daily dietary items, including Zea mays (1.65%) and onions
(0.32%) [12,13]. Chlorogenic acid, a derivative of hydroxycinnamic acid, is widely found in
foods such as coffee, cherries, and apples. It is also a major component in many traditional
Chinese herbs, especially honeysuckle and Eucommia ulmoides [14].

3. Effect of Phenolic Acids on Intestinal Mucosal Barrier

The mucosal barrier plays a crucial role in maintaining the stability of the intestinal
environment, serving as a protective shield that prevents harmful substances, pathogens,
and inflammatory responses from compromising the intestinal tract. In this context, we
have summarized the effects of phenolic acid interventions on improving experimental
colitis phenotypes, particularly emphasizing improvements in colonic histology and tight
junction proteins. The summary of phenolic acids in IBD is shown in Table 2.

The oral administration of 4-hydroxybenzoic acid (at doses of 1040 and 100 mg/kg)
demonstrated a dose-dependent elevation in tight junction proteins (e-cadherin and oc-
cludin) and goblet cell numbers [15,16]. Similarly, treatment with 4-hydroxybenzoic acid
(at concentrations of 3, 10, and 30 uM) resulted in an increased expression of tight junction
proteins in mice and Caco-2 cells exposed to TNF-« (10 ng/mL) [15].

Table 2. Summary of phenolic acids on IBD.

Phenolic Acid Model Dose Effect Reference
Compounds
2.5% DSS treated mice 10-40 mg/kg and reduge d 1nﬂammatory Xu X [15],
for 7 days 100 mg/kg, orall cytokines; improved Han X [16]
y 8/ X8/ y mucosal barrier
4-Hydroxybenzoic acid decreased the expression of
10 ng/mL TNF-o proinflammatory cytokines;
treated Caco-2 cells 3, 10and 30 uM increased the expression of XuXx[1]
tight junction proteins
3:5% DSS treated 5,10, and 20 mg/k giﬁ:éﬁ?:;:;gatory
C57BL/6 mice for L 8/ X8 . Yang X [17]
7 davs orally occluding
y protein expression
prevented the macroscopic
20mg/mL o Gamagead e e
TNBS-treated BALB/c 30 and 60 mg/kg, nyeop activity;
) ] ice th h intraperitoneall increased expression of Crespo 1 [18]
Protocatechuic Acid mice throug ntrap y antioxidant enzymes;
the catheter .
reduced expression of
proinflammatory cytokines
prevented the increase in
proinflammatory cytokines
5% DSS treated rat for in the plasma; suppressed .
5 days 10 mg/kg, orally the DSS-mediated Farombi EO [19]

elevation in colonic
myeloperoxidase activity
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Phenolic Acid Model Dose Effect Reference
Compounds
reduced inflammation;
2.5% DSS treated improved oxidative stress; Panduranean
BALB/c mice for 10 mg/kg, orally upregulated the expression AK [20] &
7 days of Nrf2 and its
downstream targets
2 5% DSS treated Feduced the expression O.f
BALB,/¢ mice for 10 mg/ke, orally inflammatory mediators; Pandurangan
7 davs / suppressed p65-NF-kBand AK[21]
y IL-6/p-STAT3 activation
TNBS treated BALB/c reduced inflammation;
Gallic acid ir;(l::ee:zfough the 20, 40, 60 mg/kg, orally suppressed NF-kB Zhu L [22]
10 ng/mL IL-1(3 treated s .
HIEC-6 cells 20, 40, 60 mg/kg inhibited apoptosis ZhuL [22]
3.5% DSS treated reduced inflammation;
BALB/c mice for ig.',algl(), 120 mg/kg, downregulated the Yu T-Y [23]
7 days y expressions of NLRP3
impped eeteiows
C56B/6L mice for 200 mg/kg, orally . L Peng J [24]
improved gut microbiota
10 days S
dysbiosis
decreased serum levels of
) proinflammatory factor;
10 mg/kg. LPS-treated 4000 mg/kg in diet enhanced the expression of Hu R [25]
weaned piglet L . .
o . tight junction protein;
Vanillic acid modulated gut microbiota
5% DS treated relieved colitis; reduced
BALB/c mice for 200 mg/kg, orally IL-6 ’ Kim S-J [26]
7 days
inhibited intestinal barrier
disruption; ameliorated
OGD/R-stimulated cell apoptosis; attenuated .
injury in Caco-2 cell 0-1,1.0and 10.0 uM oxidant stress; suppressed Xiang S [27]
the release of inflammatory
cytokines
suppressed
3.5% DSS treated proinflammatory cytokine;
BALB/c mice for 25 mg/kg, orally prevented DSS-induced Fang W [28]
7 days colon damage; reduced the
Syringic Acid activity of MPO
o pidadve s
C56BL/6 mice for 50 mg/kg, orally . y Luo Q [29]
7 days response; relieved
proptosis
decreased the mean
0.8 mL of 7% acetic acid macroscopic ulcer score;
was instilled into the increased HO-1, Nrf2, and .
rat colon through the 10, 25, and 50 mg/kg NQO1 mRNA expression; Ekhtiar M [30]
cannula decreased the tissue levels

of TNF-« and IL-1$3
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Table 2. Cont.
Phenolic Acid Model Dose Effect Reference
Compounds
2.5% DSS treated albino 25 and 50 mg/kg, reduced the levels of
mice for 7 days orally TNF-« and IL-6 Habboby M [31]
Cinnamic acid 0.4 m‘; 120 mg/ ﬁnz 4G N
DNBS was instille activated GPR109A in the
into the rat colon 30 mg/kg, orally inflamed colon Kang C [32]
through the cannula
0.8 mL 7% ac.e’gc acid 50,100, and 150 mg/ke, }mproved oxidative stress; Ghasemi-Dehnoo
was rectally injected improved the
. orally . . M [33]
into rats inflammation
C  acid decreased the mean
oumaric aci ; .
o8l i cicac
was rectally injected 100 and 150 mg/kg NQOT mRNA expression; Ekhtiar M [30]
into rats .
decreased the tissue levels
of TNF-« and IL-13
suppressed the production
o of inflammatory cytokines;
3.5% DSS. treated 50 mg/kg, orally interfered with the Xiang C [34]
C57BL mice t for 7 days PR .
infiltration and function of
mononuclear macrophages
Caffeic acid gfgfsgzzimatory cytokines;
3'? o DSS treated ICR 250 mg/kg, orally increased the level of IL-10; Wan F [35]
mice for 7 days . .
altered the gut microbiome
composition
1 ng/mL IL-1p treated reduced the biosynthesis of .
CCD-18Co cells 10and 50 M IL-8 and MCP1, Zielinska D [36]
inhibited inflammatory,
0.8 mL 7% ac_eflc acid 20,40, and 60 mg/kg, apoptotic, and prqductlon Ghasemi-Dehnoo
was rectally injected orall of MDA and NO; increased M [37]
into rats y the activity of antioxidant
factors
1% DSS treated C57BL improved histopathologic
mice t for 16 days 50 mg/kg, orally score and MPO activity Islam MS [38]
suppression of oxidative
stress, apoptosis,
) . 100 mg/kg TNBS was ;
Ferulic acid rectally injected into 20 and 40 mg/ke, production of . Sadar SS [39]
rat orally proinflammatory cytokines,
as and inhibition of COX-2
synthesis
100 mg/‘kg TNB.S Was 10,20 and 250 mg/kg,  inhibited the inflammatory
rectally injected into .. . Yu S [40]
rats orally injury of endothelial cells;
reduced the expression of
10 ng/mL TNF-o 125, 250, 500 uM inflammatory factors; Yu S [40]

treated HIMECs

improved cell viability
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Table 2. Cont.

gﬂi‘;}:jﬁ?d Model Dose Effect Reference
improved the macroscopic
30 mg/kg TNBS was changes of colonic damage;
rectally injected into 3)8;1310’ and 100 mg/kg, improved the changes in LeeJY [41]
BABL/c mice y expression of biochemical
mediators of inflammation
20 ug/mL LPS and 20 suppressed impairment of
ng/mL TNF-a treated ~ 12.5, 25 and 50 uM intestinal permeability and . o g 1)
Caco-2 cells cellular reorganization of
tight junction proteins
o alleviated DSS-induced
fnfcgfs(it;e;;ei C57BL 2 and 10 mg/kg, orally  IBD; modified gut Jang S [42]
Yy microbiota
Sinapic acid reduced the expression of
20 pg/mL LPS-treated proinflammatory cytokines;
Caco-2 cells 5 10and 15 uM improved tight junction Lan H[43]
mRNA levels
2 mL 4% acetic acid suppressed inflammation,
was rectally injected 40 mg/kg, orally oxidative stress, and Shahid M [44]
into rats apoptosis
attenuated intestinal
2% DSS treated Permeability; reduced
Kunmine mice for 10 and 50 mg/kg, inflammatory; attenuated Qian B [45]
7 davs & orally oxidative damage; reduced
y the activation of the
NLRP3 inflammasome
2 5% DSS treated suppressed inflammation;
C57BL/6 mice for 8 1 mM, orally modified gut microbiota; Zhang Z [46]
davs promoted the growth of
y Akkermansia
. anti-inflammatory;
Eﬁr]féfoﬁ;lcce decreased neutrophil
administration of 4 mg 20 mg/kg, orally 1nf11trat19n and Zatorski H [47]
in 0.1 mL of 30% suppression of
o tha.nol TNBS NF-kB-dependent
pathways.
reduced mucosal damage;
o inhibited colonic mucosal
ié’;;i?ériiidfor 30, 60, and 120 mg/kg,  inflammation; improved Gao W [45]
Chlorogenic acid 7 davs orally colitis through
y MAPK/ERK/JNK
signaling pathway
2 mM H,0; and 10
ng/mL of TNF-« 0.5,1and 2 mM reduced IL-8 secretion Shin HS [49]
treated Caco-2 cells
3% DSS treated reduced proinflammator,
C57BL/6 mice for 8 1 mM, orally cdp y Shin HS [49]
days cytokines
decreased the production
2.5% DSS treated of proinflammatory
C57BL/6 mice for 2% in diet cytokines; and restored Zhang P [50]
5 days intestinal microbial

diversity.
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Table 2. Cont.

gﬂi‘;}:jﬁ?d Model Dose Effect Reference
5 mg/kg indomethacin prevented .inflan.nnation;.
treated C57BL/6 mice 50 mg/kg, orally preventef:l m.testmal barrier Yan'Y [51]
for 5 days dysfunction; decreased
Bacteroides-derived LPS
increased the ratio of
IL-10 KO mice 1 mg/kg, orally CD4+/CD8+ T cell subsets; Lee YM [52]
Chlorogenic acid prevented inflammation
3% DSS treated
BALB/ ¢ mice for 20 and 40 mg/kg, prevented inflammation Zeng ] [53]
7 days orally
05ug/mLLPSand2 503 3195 675125  improved the cellular
nM ATP induced and 250 uM vitality Zeng ] [53]
Raw?264.7 cells

DSS, dextran sulfate sodium salt; TNF-«, tumor necrosis factor alpha; TNBS, 2,4,6-trinitrobenzene sulfonic acid;
Nrf2, nuclear factor erythroid 2-related factor 2; NF-kB, nuclear factor kappa-B; IL, interleukin; NLRP3, NLR
family pyrin domain containing 3; LPS, lipopolysaccharides; OGD/R, oxygen-glucose deprivation/reoxygenation;
MPO, myeloperoxidase; HO-1, heme oxygenase-1; DNBS, dinitrobenzene sulfonic acid; MCP1, monocyte chemoat-
tractant protein-1; MDA, malondialdehyde; COX-2, cyclooxygenase 2.

Protocatechuic acid, administered at doses of 5, 10, and 20 mg/kg, effectively allevi-
ated the dextran sulfate sodium salt (DSS)-induced reduction in occludin protein expression
in mice treated with 3.5% DSS [17]. Furthermore, intraperitoneal administration of pro-
tocatechuic acid at doses of 10, 30, or 60 mg/kg per day prevented both the macroscopic
and microscopic damage to the colonic mucosa, as well as the decline in body weight
gain in mice treated with 2,4,6-trinitrobenzene sulfonic acid (TNBS) and rats treated with
DSS [18,19].

Gallic acid, administered at doses ranging from 10 to 200 mg/kg, demonstrated a
significant attenuation of the disease activity index, colon shortening, and reduction in
histopathological evidence of injury [20-24]. Additionally, gallic acid upregulated the
expression of nuclear factor erythroid 2-related factor 2 (NRF2) and mitigated the activation
and nuclear accumulation of p-STAT3. As a result, this prevented the degradation of the
inhibitory protein IkB and hindered the nuclear translocation of p65-nuclear factor kappa-B
(NF-kB) in the colonic mucosa [22,23].

Vanillic acid, provided at a dose of 4000 mg/kg in the diet, elevated the expression of
the tight junction protein occludin in a weaned piglet model challenged with 10 mg/kg
lipopolysaccharides (LPS) [25]. Additionally, at a dose of 200 mg/kg, vanillic acid mitigated
DSS-induced body weight loss and colon shortening [26].

Syringic acid, administered at concentrations of 0.1, 1.0, and 10.0 uM, effectively miti-
gated the disruption of the intestinal barrier in Caco-2 cells in response to oxygen—glucose
deprivation/reoxygenation (OGD/R). This protective effect was assessed through the
preservation of intestinal epithelial integrity and the modulation of protein expression lev-
els, including claudin-3, claudin-2, and ZO-1 [27]. Additionally, in mice with DSS-induced
colitis, syringic acid at doses of 25 and 50 mg/kg prevented colon damage, alleviated
proptosis, and increased the mRNA expression of intestinal barrier proteins (claudin-1,
Z0-1, and occludin) [28,29]. Furthermore, treatment with 25 and 50 mg/kg of syringic acid
decreased the mean macroscopic ulcer score in rats with acetic acid-induced colitis [30].

Cinnamic acid, administered at doses of 20, 30, and 50 mg/kg, ameliorated the his-
tological assessment of colon tissue in mice with DSS-induced colitis and rats with dini-
trobenzene sulfonic acid (DNBS)-induced colitis [31,32].

Coumaric acid, at doses of 100 and 150 mg/kg, exhibited a positive impact on the
macroscopic changes in the colons of rats with acetic acid-induced colitis [30].
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Caffeic acid, administered at doses of 50 and 250 mg/kg, mitigated the disease severity
in mice with DSS-induced colitis [33,34].

Ferulic acid, provided at doses of 20 and 40 mg/kg, not only alleviated TNBS-induced
ulcerative colitis but also inhibited cell apoptosis, as evidenced by the modulation of
caspase-1 and caspase-3 expression in rats [35,36].

Sinapic acid, administered at doses of 10, 30, and 100 mg/kg, demonstrated improve-
ment in the macroscopic changes associated with TNBS-induced colitis in mice. This
improvement was evidenced by morphological observations of the mouse colon, measure-
ments of colon length, weight, and the colon weight/length ratio, as well as macroscopic
scoring [37]. Additionally, sinapic acid exhibited a positive effect on colonic claudin-1,
occludin, and ZO-1 in Kunming mice with DSS-induced colitis [38]. Furthermore, sinapic
acid impeded the impairment of intestinal permeability and the redistribution of tight
junction proteins in differentiated Caco-2 cells provoked by 20 pg/mL LPS and 20 ng/mL
TNF-«. Moreover, it suppressed the myosin light chain kinase (MLCK)/myosin light
chain (MLC)/NF-«B signaling pathways and the phosphorylation of activating transcrip-
tion factor 2 (ATF-2) in response to stimulus-induced conditions in differentiated Caco-2
cells [39,40].

Chlorogenic acid, at a concentration of 1 mM, mitigated various effects of DSS-induced
colitis, including weight loss and increased disease activity [41]. Additionally, treatment
with chlorogenic acid at a dose of 20 mg/kg alleviated mucosal damage induced by
both DSS and TNBS, operating through the MAPK/ERK/JNK signaling pathway [42,43].
Furthermore, the administration of chlorogenic acid at a dose of 50 mg/kg protected
against body weight loss, preserved intestinal morphology, and maintained integrity in
mice treated with indomethacin [44].

4. Effect of Phenolic Acids on Oxidative Stress

Oxidative stress is characterized by an imbalance in cellular oxidative status due to
an excess of free radicals and oxidizing agents, potentially leading to cellular damage and
inflammation. Phenolic acids are considered to play a positive role in modulating oxidative
stress in the intestines due to their antioxidant properties.

When administered intraperitoneally at doses of 10, 30, or 60 mg/kg/day, protocate-
chuic acid successfully averted both visible and microscopic harm to the colonic mucosa.
Furthermore, it alleviated the decline in body weight gain and the rise in myeloperoxidase
activity triggered by TNBS-treated mice and DSS-treated rats [18,19]. Moreover, mice sub-
jected to protocatechuic acid treatment exhibited a decreased ratio of oxidized to reduced
glutathione, coupled with elevated levels of antioxidant enzymes and Nrf2 expression
amidst TNBS-induced colitis [18].

Syringic acid, at concentrations of 0.1, 1.0, and 10.0 uM, effectively mitigated oxi-
dant stress in oxygen-glucose deprivation/reoxygenation-induced Caco-2 cells, including
the levels of reactive oxygen species (ROS), malondialdehyde (MDA), and superoxide
dismutase (SOD), and attenuated apoptosis [27]. In the context of DSS-induced colitis,
syringic acid at a dose of 25 mg/kg reduced the activity of MDA, glutathione (GSH), and
SOD in the colon [28,29]. Additionally, treatment with 25 and 50 mg/kg of syringic acid
increased the mRNA expression of heme oxygenase-1 (Ho-1), NAD(P)H: quinone acceptor
oxidoreductase 1 (NQO1), and NRF2 in colon tissue in acetic acid-induced colitis rats [30].

Coumaric acid demonstrated an improvement in oxidative stress, including SOD and
total antioxidant capacity (TAC), induced by acetic acid-induced colitis in the colon [45].
Furthermore, at doses of 100 and 150 mg/kg, coumaric acid increased the mRNA expression
of HO-1, NRF2, and NQO1 in acetic acid-induced rats [30].

Caffeic acid treatment resulted in a significant decrease in MDA levels and an increase
in TAC, SOD, glutathione peroxidase (GSH-PX), and catalase (CAT) in serum [34].

Ferulic acid, administered at doses of 20, 40, and 60 mg/kg, significantly increased the
activity of antioxidant factors, including TAC content and SOD and CAT activity, in the
colon tissue of rats with acetic acid-induced colitis [46].
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Animals treated with sinapic acid at a dose of 40 mg/kg exhibited a noteworthy
replenishment in mean CAT and GSH levels compared to those with acetic acid-induced
colitis, indicating a restoration of free radical scavenging activity [47].

Chlorogenic acid, at a dose of 20 mg/kg, ameliorated DSS-induced oxidative stress in
the colon [43].

5. Effect of Phenolic Acids on Immune System

The immune system plays a pivotal role in the intestines by safeguarding the body
against external pathogens and harmful substances. Phenolic acids are recognized for
their anti-inflammatory properties, effectively mitigating inflammatory responses and
thereby preserving the equilibrium of the intestinal immune system [48]. Furthermore,
phenolic acids have the potential to modulate the activity and differentiation of immune
cells, thereby influencing the regulation of immune responses. This regulatory impact
serves to prevent undue immune activation and uphold the normal functionality of the
immune system.

Oral administration of 4-hydroxybenzoic acid, at doses ranging from 10 to 100 mg/kg,
exhibited a dose-dependent attenuation of inflammatory cytokine levels, including IL-6,
TNF-«, and IL-1§3 [15,16]. Additionally, treatment with 4-hydroxybenzoic acid at concen-
trations of 3, 10, and 30 uM decreased the expression of proinflammatory cytokines in both
mice and Caco-2 cells treated with TNF-« (10 ng/mL) [15].

Oral administration of protocatechuic acid at doses of 5, 10, and 20 mg/kg suppressed
the DSS-induced increase in inflammatory factors, including IL-6, IL-12, and TNF-«, in
mice treated with 3.5% DSS [17]. Furthermore, protocatechuic acid-treated mice exhibited
a reduction in the expression of proinflammatory cytokines (IL-6, IL-13, TNF-c, and cy-
clooxygenase 2 (COX-2)) in TNBS-induced colitis, achieved by modulating the sphingosine
kinase (SphK)/S1P and related signaling pathways [18].

Gallic acid, administered at doses of 10 mg/kg or 40, 80, and 120 mg/kg, significantly
reduced the mRNA expressions of IL-21, IL-23, TNF-«, IL-1f3, IL-6, and IL-17 in the serum
and colon tissue of DSS-induced mice [20-22]. Moreover, the administration of gallic acid
at doses of 20, 40, and 60 mg/kg significantly increased the expressions of IL-4 and IL-10
while downregulating IL-1, IL-6, IL-12, IL-17, IL-23, transforming growth factor- (TGF-3),
and TNF-« in the colon tissues of TNBS-induced colitis mice and IL-13-induced HIEC-6
cells [23]. Gallic acid significantly reduced myeloperoxidase (MPO) activity, inducible nitric
oxide synthase (iNOS), and cyclooxygenase (COX)-2 [22,23].

Vanillic acid, provided at a dose of 4000 mg/kg in the diet, decreased serum levels of
IL-1B, IL-2, IL-6, and TNF-o in a weaned piglet model challenged with 10 mg/kg LPS [25].
Additionally, vanillic acid at a dose of 200 mg/kg reduced the level of IL-6 in the plasma of
DSS-treated mice [26].

Syringic acid, at concentrations of 0.1, 1.0, and 10.0 uM, effectively suppressed the
release of inflammatory cytokines in Caco-2 cells subjected to oxygen—glucose depriva-
tion/reoxygenation, which includes IL-6, IL-13, and monocyte chemoattractant protein-1
(MCP-1) [27]. Additionally, syringic acid at doses of 25 and 50 mg/kg alleviated the in-
flammatory response, including TNF-«, IL-1§3, and IL-6, in both the colon and serum. It
also reduced the expression of p65-NFkB, iNOS, and COX-2 in mice with DSS-induced coli-
tis [28,29]. Furthermore, treatment with 10, 25, and 50 mg/kg of syringic acid significantly
decreased the tissue levels of TNF-« and IL-1f3 proteins compared to the UC group in rats
with acetic acid-induced colitis [30].

Cinnamic acid administration at doses of 25 and 50 mg/kg resulted in reduced levels
of TNF-a and IL-6 in mice with DSS-induced colitis [31].

Coumaric acid modulated the expression of inflammatory markers, including NF-«B,
TNEF-o, iNOS, IL-1§3, and IL-6, in the colon during acetic acid-induced colitis [30,45].

Caffeic acid suppressed the production of inflammatory cytokines (TNF-«, IL-6, IL-
12, and IL-1pB) in the colon and interfered with the infiltration and function of mononu-
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clear macrophages in the mucosa, mediastinal lymph nodal, and spleens of DSS-induced
mice [33,34,49].

Ferulic acid, administered at doses of 20, 40, and 60 mg/kg, significantly inhibited
the mRNA expression of inflammatory and apoptotic genes in the colon tissue of rats
with acetic acid-induced colitis [46]. Additionally, at doses of 20 and 40 mg/kg, ferulic
acid ameliorated TNBS-induced colitis by inhibiting the production of proinflammatory
cytokines (TNF-e, IL-1§3, IL-6, AND IL-10) and downregulating COX-2 synthesis [35,36].
Moreover, ferulic acid treatment restored the viability of human intestinal microvascular
endothelial cells (HIMEC) and inhibited TNF-x-induced cell inflammation [35].

Sinapic acid, administered at doses of 10, 30, and 100 mg/kg, improved the changes
in the expression of inflammation mediators in mice with TNBS-induced colitis. This en-
hancement was evidenced by decreased MPO activity, MDA levels, and TNF-« production
in colonic tissues [37]. Additionally, at a dose of 40 mg/kg, sinapic acid demonstrated a sig-
nificant decline in mean TNF-« and IL-6 levels in mice with acetic acid-induced colitis [47].
Also, sinapic acid reduces serum levels of proinflammatory cytokines (TNF-«, IL-1f3, IL-6,
IL-17x, IL-18, and interferon (IFN)-y) and increases anti-inflammatory cytokines (IL-4 and
IL-10) in Kunming mice with DSS-induced colitis [38]. Moreover, sinapic acid, administered
at doses of 10 and 50 mg/kg, notably inhibited the mRNA expression of proinflammatory
cytokines IL-1f3, IL-6, and TNF-« in differentiated Caco-2 cells stimulated with 20 ng/mL
LPS and 20 ng/mL TNF-c. This inhibition was accomplished by attenuating the activation
of the Toll-like receptor 4 (TLR4)/NF-kB pathway [39,40].

Chlorogenic acid, at concentrations of 1 mM or 20 mg/kg, markedly reduced the
release of IFN-y, TNF-«x, and IL-6 and the infiltration of F4/80+ macrophages, CD3+ T cells,
and CD177+ neutrophils into the colon by blocking the activated NF-«kB signaling pathway
in DSS-induced colitis [41-43]. Moreover, at a dose of 50 mg/kg, chlorogenic acid prevented
inflammation (TNF-«, IL-1$, and IL-6) in the colons of indomethacin-treated mice [44].
Additionally, at a dose of 1 mg/kg, chlorogenic acid significantly increased the ratio of
CD4+/CD8+ T cell subsets in Peyer’s patches and mesenteric lymph nodes while reducing
the expression levels of iNOS, TNF-«, and IL-13 [50]. Furthermore, chlorogenic acid, at
concentrations of 0.5, 1, and 2 mM, reduced TNF-a and H,O,-induced IL-8 production
in Caco-2 cells [51]. Chlorogenic acid, ranging from 15.63 to 250 uM, markedly improved
cellular vitality based on LPS/ATP-treated RAW264.7 cells and notably restrained the
production of IL-1f3 through the NF-kB/NLR family pyrin domain containing 3 (NLRP3)
pathway [52]. Finally, chlorogenic acid alleviated colitis by decreasing M1 macrophage
polarization via the inhibition of pyruvate kinase M2-dependent glycolysis and the sup-
pression of NLRP3 activation [53].

6. Effect of Phenolic Acids on Gut Microbes

The gut microbiota plays a crucial role in maintaining intestinal health and immune
balance [54]. Phenolic acids may impact the composition of the gut microbiota through
their antioxidant and anti-inflammatory properties. This influence may result in an increase
in beneficial bacteria and a decrease in harmful bacteria, thereby promoting a balance in the
gut microbial ecosystem. Phenolic acids may create a favorable environment for probiotics,
enhancing their survival and functionality in the gut. This promoting effect contributes to
maintaining the diversity and stability of the gut microbiota, exerting a positive impact on
overall intestinal health.

Oral administration of 4-hydroxybenzoic acid (100 mg/kg) effectively relieved the DSS-
induced colitis in mice, which were largely dependent on the gut microbiota, as antibiotic
treatment substantially attenuated the improvement of colitis by 4-hydroxybenzoic acid,
and transplantation of gut microbiota from colitis mice treated with 4-hydroxybenzoic
acid significantly reduced the colitis. The transplantation of colitis mice treated with HA
increased the abundance of Akkermansia muciniphila [16].

Protocatechuic acid, at a dose of 20 mg/kg, regulated the composition of the gut
microbiota. In the DSS group, the relative abundances of Bacteroidetes and Verrucomicrobiota
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decreased compared to the control group. The treatment with protocatechuic acid partially
restored their relative abundances [17].

Gallic acid, administered at a dose of 200 mg/kg, improved gut microbiota dysbiosis
induced by DSS. Further fecal microbiota transplantation demonstrated that gallic acid’s
anti-colitis effects were mediated by the gut microbiota. At the taxonomic level, gallic
acid replenished the presence of all primary phyla except Actinobacteria. Regarding
order-level taxonomy, treatment with gallic acid replenished the presence of Clostridiales,
Enterobacterales, and Bacteroidales. Moreover, among the genera identified as differentially
abundant by the linear discriminant analysis effect size algorithm, the gallic acid group
exhibited enrichment in Erysipelatoclostridium and Eubacterium [24].

Vanillic acid elevated the Firmicutes/Bacteroidetes ratio while diminishing the pro-
portional presence of Prevotellaceae. It additionally bolstered the Lachnospiraceae family,
particularly the Lachnospiraceae FCS020 group. Furthermore, vanillic acid decreased the
relative occurrence of Prevotella 7 and Prevotella 1 but enhanced Lachnospira, the Eubacterium
eligens group, and the Eubacterium xylanophilum group in a weaned piglet model exposed to
a 10 mg/kg LPS challenge [25].

Research on syringic acid has indicated its potential similarity to the impact of trans-
planted healthy mouse feces in addressing DSS-induced colitis [29].

Supplementation with caffeic acid (250 mg/kg) altered the composition of the gut
microbiome by decreasing the relative abundance of Bacteroides and Turicibacter while
enhancing the relative abundance of Alistipes and Dubosiella in DSS-induced colitis [34].

Oral administration of sinapic acid (2 and 10 mg/kg) alleviated DSS-induced IBD
and modified the gut microbiota. At the genus level, sinapic acid was found to inhibit
DSS-induced declines in the relative abundance of Ligilactobacillus and Limosilactobacil-
lus in the feces of C57BL/6] mice, and it suppressed the DSS-induced decrease in the
Firmicutes/Bacteroidetes (F/B) ratio [39].

Chlorogenic acid (1 mM) decreased the proportion of Firmicutes and Bacteroidetes and
increased the proportion of the mucin-degrading bacterium Akkermansia in DSS-induced
colitis mice [41]. Moreover, chlorogenic acid (2% in the diet) reversed the decrease in
diversity caused by DSS and improved the relative abundance of organisms in the genus
Lactobacillus [55]. Additionally, at a dose of 50 mg/kg, chlorogenic acid inhibited the
growth of Bacteroides and the accumulation of Bacteroides-derived LPS in indomethacin-
induced colitis [44].

7. Conclusions and Future Perspectives

Numerous studies have focused on the potential therapeutic effects of phenolic acid
compounds on colitis and their potential roles in the prevention and treatment of this
inflammatory gastrointestinal disease. Some studies suggest that phenolic acids possess
anti-inflammatory and antioxidant properties, which may play a beneficial role in alle-
viating inflammation and oxidative stress associated with colitis. These compounds are
believed to influence the development and progression of colitis by mitigating inflammatory
responses, regulating the immune system, and protecting the mucosal barrier.

However, despite some promising research findings, there is currently a lack of com-
prehensive studies and a thorough understanding of the mechanisms of action regarding
the role of phenolic acids in colitis treatment. Researchers are actively working to delve
deeper into questions related to the molecular mechanisms of phenolic acids, their appli-
cability across different disease stages, and the optimal intake levels. These efforts aim to
provide a more comprehensive assessment of the potential role of phenolic acids in the
management of colitis.

Author Contributions: Conceptualization, X.H. and Y.L.; writing—original draft preparation, X.H.;
writing—review and editing, Y.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by Beijing City University Development Fund Project KYFZ202102.



Nutrients 2024, 16, 1347 12 of 14

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Kaplan, G.G.; Windsor, ].W. The four epidemiological stages in the global evolution of inflammatory bowel disease. Nat. Rev.
Gastroenterol. Hepatol. 2021, 18, 56—66. [CrossRef]

2. Zhang, Y, Liu, J.; Han, X,; Jiang, H.; Zhang, L.; Hu, J.; Shi, L.; Li, ]. Long-term trends in the burden of inflammatory bowel disease
in China over three decades: A joinpoint regression and age-period-cohort analysis based on GBD 2019. Front. Public Health 2022,
10, 994619. [CrossRef]

3. Mak, W.Y,; Zhao, M.; Ng, S.C.; Burisch, ]. The epidemiology of inflammatory bowel disease: East meets west. J. Gastroenterol.
Hepatol. 2020, 35, 380-389. [CrossRef]

4. Borren, N.Z.; van der Woude, C.J.; Ananthakrishnan, A.N. Fatigue in IBD: Epidemiology, pathophysiology and management. Nat.
Rev. Gastroenterol. Hepatol. 2019, 16, 247-259. [CrossRef]

5. Moschen, A.R;; Tilg, H.; Raine, T. IL-12, IL-23 and IL-17 in IBD: Immunobiology and therapeutic targeting. Nat. Rev. Gastroenterol.
Hepatol. 2019, 16, 185-196. [CrossRef]

6. Levine, A ; Sigall Boneh, R.; Wine, E. Evolving role of diet in the pathogenesis and treatment of inflammatory bowel diseases. Gut
2018, 67, 1726-1738. [CrossRef]

7.  Vinayagam, R.; Jayachandran, M.; Xu, B. Antidiabetic Effects of Simple Phenolic Acids: A Comprehensive Review. Phytother. Res.
2016, 30, 184-199. [CrossRef]

8. Wood, A.; Baxter, G.; Thies, F; Kyle, J.; Duthie, G. A systematic review of salicylates in foods: Estimated daily intake of a Scottish
population. Mol. Nutr. Food Res. 2011, 55 (Suppl. 1), S7-514. [CrossRef]

9. Gao, Y, Tian, R.; Liu, H.; Xue, H.; Zhang, R.; Han, S.; Ji, L.; Huang, W.; Zhan, J.; You, Y. Research progress on intervention effect
and mechanism of protocatechuic acid on nonalcoholic fatty liver disease. Crit. Rev. Food Sci. Nutr. 2022, 62, 9053-9075. [CrossRef]

10. Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr.
2004, 79, 727-747. [CrossRef]

11.  Pei, K,; Ou, J.; Huang, J.; Ou, S. p-Coumaric acid and its conjugates: Dietary sources, pharmacokinetic properties and biological
activities. J. Sci. Food Agric. 2016, 96, 2952-2962. [CrossRef]

12.  Li, D.; Rui, Y.X;; Guo, S.D.; Luan, F; Liu, R.; Zeng, N. Ferulic acid: A review of its pharmacology, pharmacokinetics and derivatives.
Life Sci. 2021, 284, 119921. [CrossRef]

13. Chaudhary, A.; Jaswal, V.S.; Choudhary, S.; Sonika; Sharma, A.; Beniwal, V.; Tuli, H.S.; Sharma, S. Ferulic Acid: A Promising
Therapeutic Phytochemical and Recent Patents Advances. Recent. Pat. Inflamm. Allergy Drug Discov. 2019, 13, 115-123. [CrossRef]

14. Tajik, N.; Tajik, M.; Mack, I.; Enck, P. The potential effects of chlorogenic acid, the main phenolic components in coffee, on health:
A comprehensive review of the literature. Eur. J. Nutr. 2017, 56, 2215-2244. [CrossRef]

15. Xu, X,; Luo, A.; Lu, X,; Liu, M.; Wang, H.; Song, H.; Wei, C.; Wang, Y.; Duan, X. p-Hydroxybenzoic acid alleviates inflammatory
responses and intestinal mucosal damage in DSS-induced colitis by activating ERP signaling. J. Funct. Foods 2021, 87, 104835.
[CrossRef]

16. Han, X,; Li, M,; Sun, L,; Liu, X;; Yin, Y;; Hao, J.; Zhang, W. p-Hydroxybenzoic Acid Ameliorates Colitis by Improving the Mucosal
Barrier in a Gut Microbiota-Dependent Manner. Nutrients 2022, 14, 5383. [CrossRef]

17.  Yang, X.; Sun, X.; Zhou, F; Xiao, S.; Zhong, L.; Hu, S.; Zhou, Z.; Li, L.; Tan, Y. Protocatechuic Acid Alleviates Dextran-Sulfate-
Sodium-Induced Ulcerative Colitis in Mice via the Regulation of Intestinal Flora and Ferroptosis. Molecules 2023, 28, 3775.
[CrossRef]

18. Crespo, I.; San-Miguel, B.; Mauriz, J.L.; Ortiz de Urbina, ].J.; Almar, M.; Tunon, M.].; Gonzalez-Gallego, J. Protective Effect
of Protocatechuic Acid on TNBS-Induced Colitis in Mice Is Associated with Modulation of the SphK/S1P Signaling Pathway:.
Nutrients 2017, 9, 288. [CrossRef]

19. Farombi, E.O.; Adedara, I.A.; Awoyemi, O.V.; Njoku, C.R.; Micah, G.O.; Esogwa, C.U.; Owumi, S.E.; Olopade, J.O. Dietary
protocatechuic acid ameliorates dextran sulphate sodium-induced ulcerative colitis and hepatotoxicity in rats. Food Funct. 2016, 7,
913-921. [CrossRef]

20. Pandurangan, A.K.; Mohebali, N.; Norhaizan, M.E.; Looi, C.Y. Gallic acid attenuates dextran sulfate sodium-induced experimental
colitis in BALB/c mice. Drug Des. Dev. Ther. 2015, 9, 3923-3934. [CrossRef]

21. Yu, T-Y,; Feng, Y.-M.; Kong, W.-S,; Li, S5.-N.; Sun, X.-].; Zhou, G.; Xie, R.-F.; Zhou, X. Gallic acid ameliorates dextran sulfate
sodium-induced ulcerative colitis in mice via inhibiting NLRP3 inflammasome. Front. Pharmacol. 2023, 14, 1095721. [CrossRef]
[PubMed]

22. Pandurangan, A.K.; Mohebali, N.; Esa, N.M.; Looi, C.Y.; Ismail, S.; Saadatdoust, Z. Gallic acid suppresses inflammation in dextran
sodium sulfate-induced colitis in mice: Possible mechanisms. Int. Immunopharmacol. 2015, 28, 1034-1043. [CrossRef] [PubMed]

23.  Zhu, L,; Gu, P; Shen, H. Gallic acid improved inflammation via NF-kappaB pathway in TNBS-induced ulcerative colitis. Int.
Immunopharmacol. 2019, 67, 129-137. [CrossRef] [PubMed]

24. Peng,].; Liu, T.; Meng, P; Luo, Y.; Zhu, S.; Wang, Y.; Ma, M.; Han, J.; Zhou, J.; Su, X. Gallic acid ameliorates colitis by trapping

deleterious metabolite ammonia and improving gut microbiota dysbiosis. Mbio 2024, 15, €02752-23. [CrossRef]


https://doi.org/10.1038/s41575-020-00360-x
https://doi.org/10.3389/fpubh.2022.994619
https://doi.org/10.1111/jgh.14872
https://doi.org/10.1038/s41575-018-0091-9
https://doi.org/10.1038/s41575-018-0084-8
https://doi.org/10.1136/gutjnl-2017-315866
https://doi.org/10.1002/ptr.5528
https://doi.org/10.1002/mnfr.201000408
https://doi.org/10.1080/10408398.2021.1939265
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1002/jsfa.7578
https://doi.org/10.1016/j.lfs.2021.119921
https://doi.org/10.2174/1872213X13666190621125048
https://doi.org/10.1007/s00394-017-1379-1
https://doi.org/10.1016/j.jff.2021.104835
https://doi.org/10.3390/nu14245383
https://doi.org/10.3390/molecules28093775
https://doi.org/10.3390/nu9030288
https://doi.org/10.1039/c5fo01228g
https://doi.org/10.2147/DDDT.S86345
https://doi.org/10.3389/fphar.2023.1095721
https://www.ncbi.nlm.nih.gov/pubmed/36762118
https://doi.org/10.1016/j.intimp.2015.08.019
https://www.ncbi.nlm.nih.gov/pubmed/26319951
https://doi.org/10.1016/j.intimp.2018.11.049
https://www.ncbi.nlm.nih.gov/pubmed/30544066
https://doi.org/10.1128/mbio.02752-23

Nutrients 2024, 16, 1347 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hu, R,; Wu, S;; Li, B,; Tan, J.; Yan, J.; Wang, Y.; Tang, Z.; Liu, M,; Fu, C.; Zhang, H.; et al. Dietary ferulic acid and vanillic acid
on inflammation, gut barrier function and growth performance in lipopolysaccharide-challenged piglets. Anim. Nutr. 2022, 8,
144-152. [CrossRef] [PubMed]

Kim, S.-J.; Kim, M.-C.; Um, J.-Y.; Hong, S.-H. The Beneficial Effect of Vanillic Acid on Ulcerative Colitis. Molecules 2010, 15,
7208-7217. [CrossRef] [PubMed]

Xiang, S.; Xiao, J. Protective effects of syringic acid on inflammation, apoptosis and intestinal barrier function in Caco-2 cells
following oxygen-glucose deprivation/reoxygenation-induced injury. Exp. Ther. Med. 2022, 23, 66. [CrossRef] [PubMed]

Fang, W.; Zhu, S.; Niu, Z.; Yin, Y. The protective effect of syringic acid on dextran sulfate sodium-induced experimental colitis in
BALB/c mice. Drug Dev. Res. 2019, 80, 731-740. [CrossRef]

Luo, Q.; Gong, P; Shi, R.; Chen, W,; Wang, C.; Zhang, C.; Wu, Z. Syringic Acid Alleviates Dextran Sulfate Sodium-Induced Colitis
in Mice by Modulating Gut Microbiota. J. Agric. Food Chem. 2023, 71, 8458-8470. [CrossRef]

Ekhtiar, M.; Ghasemi-Dehnoo, M.; Mirzaei, Y.; Azadegan-Dehkordi, F.; Amini-Khoei, H.; Lorigooini, Z.; Samiei-Sefat, A.; Bagheri,
N. The coumaric acid and syringic acid ameliorate acetic acid-induced ulcerative colitis in rats via modulator of Nrf2/HO-1 and
pro-inflammatory cytokines. Int. Immunopharmacol. 2023, 120, 110309. [CrossRef]

Habboby, M.; Munaf Hashim, A. Evaluation of Anti-inflammatory Effects of Cinnamic Acid Against Dextran Sodium Sulfate
Induced Ulcerative Colitis in Male Mice. Iraqi J. Pharm. Sci. 2023, 32, 33—40. [CrossRef]

Kang, C.; Kim, J.; Ju, S.; Cho, H.; Kim, H.Y.; Yoon, L.-S.; Yoo, J.-W.; Jung, Y. Colon-Targeted Trans-Cinnamic Acid Ameliorates Rat
Colitis by Activating GPR109A. Pharmaceutics 2023, 15, 41. [CrossRef] [PubMed]

Xiang, C.; Liu, M,; Lu, Q.; Fan, C.; Lu, H.; Feng, C.; Yang, X,; Li, H.; Tang, W. Blockade of TLRs-triggered macrophage activation
by caffeic acid exerted protective effects on experimental ulcerative colitis. Cell. Immunol. 2021, 365, 104364. [CrossRef] [PubMed]
Wan, E; Zhong, R.; Wang, M.; Zhou, Y.; Chen, Y.; Yi, B;; Hou, F; Liu, L.; Zhao, Y.; Chen, L.; et al. Caffeic Acid Supplement
Alleviates Colonic Inflammation and Oxidative Stress Potentially Through Improved Gut Microbiota Community in Mice. Front.
Microbiol. 2021, 12, 784211. [CrossRef] [PubMed]

Yu, S.; Qian, H.; Zhang, D.; Jiang, Z. Ferulic acid relieved ulcerative colitis by inhibiting the TXNIP/NLRP3 pathway in rats. Cell
Biol. Int. 2022, 47, 417-427. [CrossRef]

Sadar, S.S.; Vyawahare, N.S.; Bodhankar, S.L. Ferulic Acid Ameliorates Tnbs-Induced Ulcerative Colitis Through Modulation of
Cytokines, Oxidative Stress, Inos, Cox-2, and Apoptosis in Laboratory Rats. Excli J. 2016, 15, 482-499. [CrossRef] [PubMed]
Lee, ].Y. Anti-inflammatory effects of sinapic acid on 2,4,6-trinitrobenzenesulfonic acid-induced colitis in mice. Arch. Pharm. Res.
2018, 41, 243-250. [CrossRef] [PubMed]

Qian, B.; Wang, C.Q.; Zeng, Z.; Ren, Y.; Li, D.Y.; Song, ].L. Ameliorative Effect of Sinapic Acid on Dextran Sodium Sulfate- (DSS-)
Induced Ulcerative Colitis in Kunming (KM) Mice. Oxidative Med. Cell. Longev. 2020, 2020, 8393504. [CrossRef] [PubMed]

Jang, S.; Kim, S.; So, B.R.; Kim, Y.; Kim, C.-K; Lee, ].J.; Jung, S.K. Sinapic acid alleviates inflammatory bowel disease (IBD) through
localization of tight junction proteins by direct binding to TAK1 and improves intestinal microbiota. Front. Pharmacol. 2023, 14,
1217111. [CrossRef]

Lan, H,; Zhang, L.Y.; He, W.; Li, W.Y.; Zeng, Z.; Qian, B.; Wang, C.; Song, J.L. Sinapic Acid Alleviated Inflammation-Induced
Intestinal Epithelial Barrier Dysfunction in Lipopolysaccharide- (LPS-) Treated Caco-2 Cells. Mediat. Inflamm. 2021, 2021, 5514075.
[CrossRef]

Zhang, Z.; Wu, X,; Cao, S.; Cromie, M.; Shen, Y.; Feng, Y.; Yang, H.; Li, L. Chlorogenic Acid Ameliorates Experimental Colitis by
Promoting Growth of Akkermansia in Mice. Nutrients 2017, 9, 677. [CrossRef] [PubMed]

Zatorski, H.; Salaga, M.; Zielinska, M.; Piechota-Polanczyk, A.; Owczarek, K.; Kordek, R.; Lewandowska, U.; Chen, C.; Fichna, J.
Experimental colitis in mice is attenuated by topical administration of chlorogenic acid. Naunyn Schmiedebergs Arch. Pharmacol.
2015, 388, 643-651. [CrossRef] [PubMed]

Gao, W,; Wang, C.; Yu, L.; Sheng, T.; Wu, Z.; Wang, X.; Zhang, D.; Lin, Y.; Gong, Y. Chlorogenic Acid Attenuates Dextran Sodium
Sulfate-Induced Ulcerative Colitis in Mice through MAPK/ERK/JNK Pathway. Biomed. Res. Int. 2019, 2019, 6769789. [CrossRef]
[PubMed]

Yan, Y.; Zhou, X.; Guo, K.; Zhou, F; Yang, H. Chlorogenic Acid Protects Against Indomethacin-Induced Inflammation and Mucosa
Damage by Decreasing Bacteroides-Derived LPS. Front. Immunol. 2020, 11, 1125. [CrossRef] [PubMed]

Ghasemi-Dehnoo, M.; Amini-Khoei, H.; Lorigooini, Z.; Ashrafi-Dehkordi, K.; Rafieian-Kopaei, M. Coumaric acid ameliorates
experimental colitis in rats through attenuation of oxidative stress, inflammatory response and apoptosis. Inflammopharmacology
2022, 30, 2359-2371. [CrossRef]

Ghasemi-Dehnoo, M.; Amini-Khoei, H.; Lorigooini, Z.; AnjomShoa, M.; Rafieian-Kopaei, M. Ferulic acid ameliorates ulcerative
colitis in a rat model via the inhibition of two LPS-TLR4-NF-«B and NF-«kB-INOS-NO signaling pathways and thus alleviating
the inflammatory, oxidative and apoptotic conditions in the colon tissue. Inflammopharmacology 2023, 31, 2587-2597. [CrossRef]
[PubMed]

Shahid, M.; Raish, M.; Ahmad, A.; Bin Jardan, Y.A; Ansari, M.A.; Ahad, A.; Alkharfy, KM.; Alaofi, A.L.; Al-Jenoobi, FI. Sinapic
Acid Ameliorates Acetic Acid-Induced Ulcerative Colitis in Rats by Suppressing Inflammation, Oxidative Stress, and Apoptosis.
Molecules 2022, 27, 4139. [CrossRef] [PubMed]

Hossen, I.; Hua, W,; Ting, L.; Mehmood, A.; Jingyi, S.; Duoxia, X.; Yanping, C.; Hongqing, W.; Zhipeng, G.; Kaiqi, Z.; et al.
Phytochemicals and inflammatory bowel disease: A review. Crit. Rev. Food Sci. Nutr. 2020, 60, 1321-1345. [CrossRef]


https://doi.org/10.1016/j.aninu.2021.06.009
https://www.ncbi.nlm.nih.gov/pubmed/34977384
https://doi.org/10.3390/molecules15107208
https://www.ncbi.nlm.nih.gov/pubmed/20959795
https://doi.org/10.3892/etm.2021.10989
https://www.ncbi.nlm.nih.gov/pubmed/34934437
https://doi.org/10.1002/ddr.21524
https://doi.org/10.1021/acs.jafc.3c02441
https://doi.org/10.1016/j.intimp.2023.110309
https://doi.org/10.31351/vol32iss2pp33-40
https://doi.org/10.3390/pharmaceutics15010041
https://www.ncbi.nlm.nih.gov/pubmed/36678670
https://doi.org/10.1016/j.cellimm.2021.104364
https://www.ncbi.nlm.nih.gov/pubmed/33932876
https://doi.org/10.3389/fmicb.2021.784211
https://www.ncbi.nlm.nih.gov/pubmed/34867926
https://doi.org/10.1002/cbin.11935
https://doi.org/10.17179/excli2016-393
https://www.ncbi.nlm.nih.gov/pubmed/27822176
https://doi.org/10.1007/s12272-018-1006-6
https://www.ncbi.nlm.nih.gov/pubmed/29392509
https://doi.org/10.1155/2020/8393504
https://www.ncbi.nlm.nih.gov/pubmed/33312339
https://doi.org/10.3389/fphar.2023.1217111
https://doi.org/10.1155/2021/5514075
https://doi.org/10.3390/nu9070677
https://www.ncbi.nlm.nih.gov/pubmed/28661454
https://doi.org/10.1007/s00210-015-1110-9
https://www.ncbi.nlm.nih.gov/pubmed/25743575
https://doi.org/10.1155/2019/6769789
https://www.ncbi.nlm.nih.gov/pubmed/31139644
https://doi.org/10.3389/fimmu.2020.01125
https://www.ncbi.nlm.nih.gov/pubmed/32582202
https://doi.org/10.1007/s10787-022-01074-z
https://doi.org/10.1007/s10787-023-01277-y
https://www.ncbi.nlm.nih.gov/pubmed/37432553
https://doi.org/10.3390/molecules27134139
https://www.ncbi.nlm.nih.gov/pubmed/35807383
https://doi.org/10.1080/10408398.2019.1570913

Nutrients 2024, 16, 1347 14 of 14

49.

50.

51.

52.

53.

54.

55.

Zielinska, D.; Zielinski, H.; Laparra-Llopis, ]. M.; Szawara-Nowak, D.; Honke, J.; Gimenez-Bastida, J.A. Caffeic Acid Modulates
Processes Associated with Intestinal Inflammation. Nutrients 2021, 13, 554. [CrossRef]

Lee, YM.; Shin, D.W.; Lim, B.O. Chlorogenic Acid Improves Symptoms of Inflammatory Bowel Disease in Interleukin-10
Knockout Mice. . Med. Food 2020, 23, 1043-1053. [CrossRef]

Shin, H.S.; Satsu, H.; Bae, M.].; Zhao, Z.; Ogiwara, H.; Totsuka, M.; Shimizu, M. Anti-inflammatory effect of chlorogenic acid on
the IL-8 production in Caco-2 cells and the dextran sulphate sodium-induced colitis symptoms in C57BL/6 mice. Food Chem.
2015, 168, 167-175. [CrossRef] [PubMed]

Zeng, ].; Zhang, D.; Wan, X,; Bai, Y.; Yuan, C.; Wang, T.; Yuan, D.; Zhang, C.; Liu, C. Chlorogenic Acid Suppresses miR-155 and
Ameliorates Ulcerative Colitis through the NF-kappaB/NLRP3 Inflammasome Pathway. Mol. Nutr. Food Res. 2020, 64, €2000452.
[CrossRef] [PubMed]

Han, D.; Wu, Y.; Lu, D.; Pang, ].; Hu, ].; Zhang, X.; Wang, Z.; Zhang, G.; Wang, J. Polyphenol-rich diet mediates interplay between
macrophage-neutrophil and gut microbiota to alleviate intestinal inflammation. Cell Death Dis. 2023, 14, 656. [CrossRef] [PubMed]
Qiu, P; Ishimoto, T.; Fu, L.; Zhang, J.; Zhang, Z.; Liu, Y. The Gut Microbiota in Inflammatory Bowel Disease. Front. Cell. Infect.
Microbiol. 2022, 12, 733992. [CrossRef]

Zhang, P.; Jiao, H.; Wang, C.; Lin, Y.; You, S. Chlorogenic Acid Ameliorates Colitis and Alters Colonic Microbiota in a Mouse
Model of Dextran Sulfate Sodium-Induced Colitis. Front. Physiol. 2019, 10, 325. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/nu13020554
https://doi.org/10.1089/jmf.2019.4621
https://doi.org/10.1016/j.foodchem.2014.06.100
https://www.ncbi.nlm.nih.gov/pubmed/25172696
https://doi.org/10.1002/mnfr.202000452
https://www.ncbi.nlm.nih.gov/pubmed/33078870
https://doi.org/10.1038/s41419-023-06190-4
https://www.ncbi.nlm.nih.gov/pubmed/37813835
https://doi.org/10.3389/fcimb.2022.733992
https://doi.org/10.3389/fphys.2019.00325

	Introduction 
	Chemical Structures and Primary Dietary Sources of Phenolic Acids 
	Effect of Phenolic Acids on Intestinal Mucosal Barrier 
	Effect of Phenolic Acids on Oxidative Stress 
	Effect of Phenolic Acids on Immune System 
	Effect of Phenolic Acids on Gut Microbes 
	Conclusions and Future Perspectives 
	References

