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Abstract: Inflammatory bowel disease (IBD) is a chronic and recurrent intestinal inflammatory
disease, mainly including Crohn’s disease (CD) and ulcerative colitis (UC). In recent years, the
incidence and prevalence of IBD have been on the rise worldwide and have become a significant
concern of health and a huge economic burden on patients. The occurrence and development of IBD
involve a variety of pathogenic factors. The changes in short-chain fatty acids (SCFAs) are considered
to be an important pathogenic mechanism of this disease. SCFAs are important metabolites in the
intestinal microbial environment, which are closely involved in regulating immune, anti-tumor, and
anti-inflammatory activities. Changes in metabolite levels can reflect the homeostasis of the intestinal
microflora. Recent studies have shown that SCFAs provide energy for host cells and intestinal
microflora, shape the intestinal environment, and regulate the immune system, thereby regulating
intestinal physiology. SCFAs can effectively reduce the incidence of enteritis, cardiovascular disease,
colon cancer, obesity, and diabetes, and also play an important role in maintaining the balance of
energy metabolism (mainly glucose metabolism) and improving insulin tolerance. In recent years,
many studies have shown that numerous decoctions and natural compounds of traditional Chinese
medicine have shown promising therapeutic activities in multiple animal models of colitis and
thus attracted increasing attention from scientists in the study of IBD treatment. Some of these
traditional Chinese medicines or compounds can effectively alleviate colonic inflammation and
clinical symptoms by regulating the generation of SCFAs. This study reviews the effects of various
traditional Chinese medicines or bioactive substances on the production of SCFAs and their potential
impacts on the severity of colonic inflammation. On this basis, we discussed the mechanism of SCFAs
in regulating IBD-associated inflammation, as well as the related regulatory factors and signaling
pathways. In addition, we provide our understanding of the limitations of current research and
the prospects for future studies on the development of new IBD therapies by targeting SCFAs. This
review may widen our understanding of the effect of traditional medicine from the view of SCFAs
and their role in alleviating IBD animal models, thus contributing to the studies of IBD researchers.

Keywords: ulcerative colitis (UC); short-chain fatty acids; traditional drugs; mechanism of action;
natural compounds

1. Introduction

Inflammatory bowel disease (IBD), mainly including Crohn’s disease (CD) and ulcera-
tive colitis (UC), is a non-specific chronic gastrointestinal inflammatory disease with unclear
etiology [1]. IBD is characterized by recurrent symptoms, including mucopurulent bloody
stools, weight loss, abdominal spasm, fatigue, anemia, extraintestinal symptoms, and mul-
tiple complications such as joint pain and arthritis. At the same time, the body produces
large amounts of cytokines, proteolytic enzymes, and free radicals, which eventually lead
to inflammation and ulcers [1,2]. According to a study in the United States, IBD is listed as
the fifth most expensive gastrointestinal disease, and its patients accumulate additional
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out-of-pocket costs of nearly $500 million per year in treatment [3]. The treatment of this
disease is not ideal due to the lack of medicine with enough efficiency and efficacy, although
recent studies have made significant progress in understanding the pathogenesis of IBD.
Therefore, it is an urgent and challenging task to study the pathophysiological mechanisms
of IBD under the complex interaction of various factors such as environmental changes,
immune disorders, and intestinal flora [1].

The gut microbiota and their diverse metabolites have close interactions with the host
and impact the susceptibility of the host to many diseases. The symbiotic gut bacteria
produce a variety of metabolites, including short-chain fatty acids (SCFAs), tryptophan
catabolites, essential vitamins such as B and K vitamins, phenolic acids, and bile acids.
Among these metabolites, SCFAs are arousing increasing concerns of IBD researchers since
the observations of various beneficial effects of these metabolites on multiple intestinal
conditions and becoming the most well-studied microbial metabolites associated with
IBD [4,5]. SCFAs usually contain less than six carbon atoms, mainly including formic
acid, acetic acid, propionic acid, butyric acid, and valeric acid. They are the secondary
metabolites produced by the fermentation of intestinal dietary fiber, such as peptides,
proteins, resistant starch, and undigested fiber. This type of metabolite is an important part
of the fecal samples of both healthy and diseased conditions. The production of SCFAs is
regulated and affected by many factors, such as host nutrition, the presence/absence of
specific symbiotic bacteria, and transgenic diversity in concentration [4]. Among the three
major types of SCFAs, propionate and acetate are mainly produced by Bacteroidetes, while
the production of butyrate is mainly mediated by Firmicutes [6]. Propionic acid can be
produced through the lactic acid pathway of Firmicutes or the succinic acid pathway of
Bacteroidetes [7].

The SCFAs play an important regulatory role in intestinal cell function and may also
be associated with multiple intestinal pathophysiological processes such as inflammatory
responses. The compositions, relative ratios, and activities of these SCFAs may be variable
in different parts of the intestine and thus have various impacts on the physiological condi-
tions of the intestine [8]. First of all, SCFAs contribute to nutritional balance and cellular
integrity of the intestine by providing a molecular source for phospholipid synthesis [9].
In eukaryotic hosts, SCFAs can be used as energy sources by colon cells and can also be
transported to blood circulation and other tissues and therefore act as important promoters
and fuels of intestinal epithelial cells, which strengthen intestinal barrier function and
prevent intestinal inflammation [10,11]. Furthermore, some of the SCFAs play a role in
maintaining the structure of gut microbiota and the integrity of intestinal epithelium and
may thus aid the function of the intestinal epithelial barrier. Studies have shown that
SCFAs can reduce the pH value of the intestine while inhibiting the growth of destructive
bacteria [12]. Of note, some studies have revealed that the ecological imbalance of IBD
patients is related to the impaired SCFA fermentation pathway. By comparing the affected
samples with healthy individuals, the researchers found that the bacteria that ferment fibers
and produce SCFAs in the mucosa and feces of IBD patients usually showed a decrease [8].
More and more evidence suggests that gut microbiota disruption affects the key physiology
of the host from metabolism to immune response, and the production of SCFAs is closely
related to the risk of IBD [11].

According to some studies in recent years, many compounds and decoctions in tradi-
tional medicine show antioxidant and anti-inflammatory activities, thus exhibiting potential
anti-IBD effects. Some of the medicines affect the production of SCFAs and thereby suppress
inflammatory conditions in the colon by affecting multiple biological processes associated
with gut homeostasis. Therefore, regulating SCFA content and composition might be an
important approach to IBD treatment. Here, we first provide an overview of the major
functions of SCFAs in colonic inflammation. On this basis, we summarize the effects of a
variety of traditional medicines on the production of SCFAs. Meanwhile, we will discuss
the potential mechanisms of action, the related regulatory factors, and signaling pathways
employed by SCFAs to achieve their functions. In addition, we provide our understanding
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of the possible limitations of current research and propose prospects for future studies in
evaluating the potential of SCFAs in developing new anti-IBD drugs.

2. SCFA-Mediated Immune Regulation Plays a Key Role in Maintaining
Intestinal Homeostasis

Some SCFAs, especially acetate, propionate, and butyrate, have been shown to play
a pivotal role in preventing intestinal inflammation via various mechanisms [13]. Here,
we describe these advances mainly through three aspects. First of all, SCFAs may affect
epithelial proliferation and differentiation to change the integrity and barrier function
of the intestinal epithelium. Furthermore, the generated SCFAs in the gut can stimulate
the epithelial cells to produce a variety of gut-protective molecules such as secretive IgA,
mucin, and antimicrobial peptides (AMPs), to protect the epithelium against pathogenic
microorganisms and virulent substances in the gut. Additionally, the immune regulatory
role of some SCFAs may induce alterations of gut immune responses via various signaling
pathways. All these effects of SCFAs may contribute to the quiescence of the gut inflamma-
tion and support an establishment of homeostasis of the gut. We will discuss the recent
advances of SCFAs regarding multiple functions as follows (Figure 1).
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Figure 1. SCFAs play a pivotal regulatory role in maintaining gut homeostasis. SCFAs potentially
play an essential role in each stage of the inflammatory process and tissue healing, exerting regu-
latory effects on the functionality of nearly all types of immune cells, thereby demonstrating their
immunomodulatory impact. SCFAs contribute to maintaining the integrity of the intestinal barrier by
promoting the proliferation of various epithelial cells, upregulating the expression of tight junctions
in intestinal epithelial cells, and facilitating the secretion of barrier-supporting proteins such as IgA,
AMPs, and mucins, meanwhile regulating the composition and structure of gut microbiota and
oxidative stress. Furthermore, SCFAs exhibit various immunomodulatory actions: modulating the
differentiation and function of Th17, Th1, and Tregs; inhibiting intestinal macrophages from produc-
ing pro-inflammatory cytokines by suppressing histone deacetylase (HDAC); inducing chemotaxis
of neutrophils to the inflammatory site and enhancing their phagocytic activity; and stimulating
intestinal B cells to produce IgA. The decoctions/compounds were marked in green. Green arrows
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were used to indicate the effects of a decoction or a compound on the targets. Abbreviations:
(1) Baicalein; (2) Polysaccharides (CCP) and berberine (BBR); (3) Berberine; (4) Gegen Qinlian De-
coction (GQD); (5) Qingchang Huashi Formula (QHF); (6) Pulsatilla decoction (PD); (7) Pulsatilla
chinensis saponin (PCS); (8) Polysaccharides from Astragalus membranaceus and Codonopsis pi-
losula (PAC); (9) Polysaccharide of Hericium erinaceus mycelium (HEM); (10) Herba Origani Ex-
tract Pulvis (HOEP); (11) Paeonol (Pae); (12) Huangqin Decoction (HQD); (13) Sishen Wan (SSW);
(14) Composite Sophora colon-soluble Capsule (CSCC); (15) Acorn-fed ham; (16) Fermented astra-
galus (FA); (17) Indigo naturalis; (18) Schisandra chinensis polysaccharide (SCP); (19) Galangin;
(20) Pinocembrin (PIN).

2.1. Regulates the Functions of the Intestinal Epithelial Barrier

SCFAs have a role in promoting the healing of the intestinal epithelial barrier, mainly
composed of cylindrical epithelial cells and other functional cell types such as goblet cells.
Previous studies have shown that some of the SCFAs affect the functions of multiple IECs
via various mechanisms to regulate the barrier function of epithelium [14]. For instance,
Singh et al. showed that butyrate could promote intestinal epithelial cells to produce
IL-18 [15], a cytokine that can enforce the barrier function of epithelium by promoting cell
proliferation [16]. The researchers also showed that the effect of butyrate was mediated by
G protein-coupled receptor GPR109a, a receptor for butyrate in the colon. Deficiency of
GPR109a could induce an increase of colonic inflammation in mouse model and admin-
istration of the agonist of GPR109a, Niacin, could ameliorate colonic inflammation in a
GPR109a dependent manner, further strengthened the effect of butyrate-GPR109a axis in
regulating epithelial barrier function. Moreover, a study by Deleu et al. [17] evaluated the
impact of acetate on intestinal barrier integrity, an SCFA that was considered to be less toxic
to epithelial cells. Using organoid-based monolayer cultures obtained from UC patients,
the researchers found that a high concentration of acetate could induce proliferation of
epithelial cells indicated by enhanced level of cell proliferation marker, MKI67, in the
cells. Meanwhile, acetate treatment also significantly enhanced the production of barrier
genes such as MUC2 and CLDN1. Additionally, in a study by Peng et al., the researchers
employed a cellular model of intestinal barrier established by Caco-2 cell monolayer and
disclosed that butyrate could induce an increase of transepithelial electrical resistance and
a decrease of inulin permeability, indicating an effect of butyrate in up-regulating intestinal
barrier function [18].

Of note, the intercellular tight junction (TI]) proteins play an essential role in the in-
tegrity of the barrier [19] and act as a major component of the intestinal mucosal mechanical
barrier [6]. These proteins distribute between adjacent intestinal epithelial cells and thus
play a role in preventing harmful substances from entering the submucosa, which plays an
extremely important role in maintaining intestinal health [20]. The major components of the
TJ are transmembrane proteins, including occludin, claudins, junctional adhesion molecules
(JAM), and auxiliary cytoplasmic proteins such as occlusive bands (ZOs) [21,22]. Studies
have shown that SCFAs can maintain epithelial integrity and restore normal barrier func-
tion. SCFAs regulate the permeability between intestinal cells by regulating the expression
of tight junction proteins. For instance, the study by Saleri et al. [23]. showed that different
SCFAs regulated the production of specific TJ proteins. Using porcine intestinal epithelial
cells, the researchers disclosed that butyrate could selectively up-regulate the production of
Z0-1 and occludin, while it had minimal role on the level of claudin 4. Acetate significantly
enhanced the levels of occludin, and claudin 4, but had no effect on ZO-1. In comparison,
lactate could only affect the level of ZO-1. Only propionate could promote the production
of the three TJ proteins. Some studies provided further evidence that SCFAs may affect the
assembly of T] proteins. As shown in Miao et al.’s study [24], sodium butyrate promoted
the reassembly of T] in Caco-2 monolayers via inhibiting MLCK/MLC2 pathway and
phosphorylation of PKC[32.
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2.2. Regulates Barrier-Supporting Proteins

Besides the role of SCFAs in regulating epithelial barrier-forming genes, these molecules
have a role in promoting the expression of multiple barrier-supporting proteins, including
the mucus and some defense proteins such as immunoglobulin (Ig). In a study by Deleu
et al., the researcher used a organoid-based epithelial monolayer culture to evaluate the
potential role of acetate on the production of barrier-supporting proteins and showed that
stimulation with acetate could enhance the production of MUC2 by the cells, demonstrating
the impact of acetate on mucin production and barrier protection [17]. Another in vitro
study using human cell models by Willemsen et al. revealed that butyrate and propionate
could also stimulate the production of MUC2 by epithelial goblet cells and this process was
mediated by prostaglandin E [25]. Although the exact signaling pathways employed by
SCFAs in promoting mucin production have not been clearly elucidated, an early study
by Poul et al. [26] pointed out that several SCFAs, including acetate, propionate, and
butyrate, could act as ligands of G protein coupled receptors such as GPR41 and GPR43.
The exact contribution of both receptors and their downstream signaling pathways in
mucin production requires further clarification. Intestinal IgA plays an essential role in
regulating gut homeostasis by binding and facilitating the removal of pathogenic bacteria
and microbial factors and meanwhile restoring the commensal bacteria [27]. The study by
Wau et al. [28] disclosed that acetate derived from microbiota can trigger IgA production in
the intestine and the process is mediated by the receptor GPR43 [29]. Another study by
Takeuchi et al. [30] disclosed that acetate not only enhances IgA production in the intestine
but also modulates the binding specificity of IgA to certain commensal microorganisms
such as Enterobacterales. However, if other common receptors of SCFAs such as GPR41
and GPR109a play a role in acetate-mediated IgA production and the anti-microbial activity
of IgA need to be further determined. Moreover, the SCFAs may have a role in regulating
IgA secretion in the saliva. In this line of evidence, Yamamoto et al. [31] found that the
ingestion of polydextrose can promote SCFA absorption and thus lead to enhanced salivary
IgA levels in rats. To date, no direct evidence demonstrates the effects of propionate and
butyrate on IgA production, while, since propionate also binds to GPR43, it may induce
the production of IgA, but the role needs to be further validated in future studies. Some
other studies suggest that the impact of SCFAs on IgA production may differ in various
tissues or different inflammatory conditions. An example of this notion is supported by the
study of Chai et al. [32], which shows that reduced SCFA levels correlate with IgA builds
up in the kidney of IgA nephropathy. Similarly, in a study by Tominaga et al. [33], the
researcher showed that in division colitis the levels of SCFAs are also negatively correlated
with IgA in the feces. Thus, the effect of SCFAs on IgA production may need to be further
verified in more studies of different inflammatory environments. All these observations
provided further evidence that SCFAs play an essential role in regulating the expression of
barrier-supporting genes.

2.3. Regulates Gut Microbiota

The gut contains a large number of microbes with high complexity and heterogeneity,
including bacteria, fungi, viruses, and other microbial populations [34]. The normal struc-
ture and composition of the microbiota may play an important role in maintaining intestinal
homeostasis. Its dysregulation is associated with many human diseases, including IBD [9].
In normal conditions, the microorganisms in the gut may establish a symbiotic relationship
with the host, and promote the fermentation of complex carbohydrates and the production
of SCFAs to enhance the integrity of the intestinal barrier [35]. The SCFAs and SCFA-
producing bacteria may in turn have a regulatory role in the composition and structure of
the gut microbiota. For example, Wang et al. found that the loss of butyrate-producing
Faecalibacterium prausnitzii was associated with the increased proportion of Bifidobacterium
and the Lactobacillus in both fecal and biopsy specimens of IBD patients [36]. Moreover,
the study of Kumari et al. [37] observed that the levels of butyrate-producing Clostridium
coccoides and Clostridium leptum clusters were significantly reduced in fecal samples of UC
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patients. Additionally, SCFAs such as butyrate can induce the production of IL-18, which is
involved in the synthesis of AMPs such as defensins, calprotectin, and lipocalin [38]. The
AMPs play an essential role in suppressing the proliferation of some pathogenic bacteria
such as staphylococcus. Both the composition of the microbiota and the levels of AMPs
are important in the development of colonic inflammation [38]. Some of the AMPs are
produced by epithelial cells during the inflammatory process and affect the progress of
IBD [39]. Thus, gut microbiota and AMPs are important targets of SCFAs in regulating the
development of IBD.

2.4. Regulates Immune Responses in the Gut

Precedent studies revealed the role of SCFAs in suppressing the inflammatory re-
sponses in the gut. It has been observed that some SCFAs can inhibit the recruitment
of monocytes and macrophages, as well as neutrophils, by inhibiting the expression of
chemokines and adhesion molecules, which can indicate its potential anti-inflammatory
effect [40]. In a study using a mouse model, it was proved that propionate and butyrate
can inhibit the maturation of DC, which is a bridge between the innate immune system
and the adaptive immune system [41]. Furthermore, SCFAs can regulate the activity of
mouse DCs, which can produce cytokines and interact with T cells. Under the stimulation
of butyrate, DCs can inhibit the differentiation of IFN-y-producing T cells [42]. Butyrate
can also regulate the activity of mouse colon lamina propria macrophages, and inhibit the
transcription of pro-inflammatory molecules such as Nos2, IL-6, and IL-12 [43], probably
by suppressing the activation of NF-«B in the TLR ligand response [44]. Some other studies
also support the role of butyrate in regulating the NF-«B pathway by inducing nuclear
peroxisome proliferator-activated receptor (PPARY) or by inhibiting histone deacetylase
(HDAC) and proteasome activity [45,46].

Previous studies have demonstrated that the proportion of Tregs was increased in
the intestine of IBD patients, especially in inflammatory lesions [47]. SCFAs can also play
an immunomodulatory role in various T cells such as Th17, Thl, and Tregs in different
cytokine environments [48]. As mentioned above, butyrate-mediated production of IL-
18 can suppress Th17 differentiation in the gut and meanwhile enforce the function of
Foxp3+ Treg cells [49]. This role of butyrate may be associated with its effect on regulating
epigenetic modification, up-regulating histone H3 acetylation of Foxp3, and inducing Treg
differentiation [50]. The HDAC inhibitory activity of butyrate also stimulates changes in
gene expression in mouse DCs, including inhibition of IL-6 and IL-12, thereby affecting the
polarization of Tregs [51].

Another function of SCFAs in immune regulation is manifested by its effect on reg-
ulating the production of immune regulatory molecules. A good example is its role in
regulating the level of IL-22 in the intestine, an essential cytokine in regulating intestinal
mucosal immunity. IL-22 may play pro-inflammatory and anti-inflammatory properties
depending on the inflammatory microenvironment [52]. A study by Yang et al. reported
that microbiota-derived SCFAs could promote the production of IL-22 by innate lymphoid
cells (ILCs) and CD4+ T cells in the intestine [53].

As to the mechanisms of SCFAs in regulating immune responses, many studies have
found the ability of SCFAs to bind to receptors such as GPR41, GPR43, and GPR109. The
main GPCRs activated by SCFAs are GPR43 and GPR41, which lead to mitogen-activated
protein kinase signaling and the production of chemokines and cytokines, and mediate
protective immune response and tissue inflammation in mice [54]. SCFAs induce neutrophil
chemotaxis and regulate phagocytosis and reactive oxygen species (ROS) production by
activating GPR43 [54]. The production of IL-22 triggered by SCFAs was also mediated by
the activation of GPR41 and inhibition of HDAC, which led to the up-regulation of aryl
hydrocarbon receptor (AhR) and hypoxia-inducible factor 1oc (HIF1x). The latter could
bind to the I1-22 promoter and promote its transcription.
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2.5. Regulates the Production of Reactive Oxygen Species (ROS)

ROS is a term to describe a series of oxygen-containing compounds with high oxidative
properties produced during cell metabolism, mainly including hydroxyl radicals, superox-
ide anions, and hydrogen peroxide, which play a vital role in regulating many signaling
pathways in maintaining the homeostasis of the intestine [55]. Some previous studies on the
mechanism of SCFAs have focused on specific metabolites or genes involved in improving
the therapeutic effect of colitis, such as reactive oxygen species (ROS) biosynthesis [56]. A
previous study showed that SCFA induces apoptosis and activates autophagy in colitis [57].
This may be associated with the changes in ROS, which can be significantly induced in cells
treated with high concentrations of SCFAs such as propionate [56]. Moreover, Maslowski
et al. found that acetate can promote the release of ROS when added to mouse neutrophils
by activating GPR43 [58]. The researchers believe that SCFAs may regulate inflammatory
diseases by activating ROS to accelerate pathogen clearance [59]. In addition, SCFAs signif-
icantly altered the expression of genes involved in ROS production, such as PLIN5 [60],
CDKNI1A [61], UCP1 [61], COLIA1 [62], IMMP2L [63] and DUOXAZ2 [64]. These results
suggest that SCFAs modulate the ROS signaling pathway by regulating metabolic and
transcriptomic profiles and thus contribute to the regulation of colonic inflammation.

2.6. Regulates Colon Motility

Colon motility is a term to describe the peristaltic motion of the colon during the
transportation of stool from small intestine to the rectum. Impaired colon motility is a
frequently observed condition in patients with IBD [65] and may be an important factor
that affects the development of IBD [66], possibly by regulating neuroplasticity in both
active and quiescent IBD [67]. Using DSS-induced colitis model, Watanabe et al. [68] found
that DSS treatment could induce neuroanatomical changes and damages to cholinergic
neurons, which are closely related to impairment of colon motility. Thus, regulating colon
motility may be a potential approach for treating IBD. Some studies have reported that
SCFAs may have a role in modulating colon motility [69,70], although the effects are
controversial. A good example for this line of evidence was provided by the study of
Soret et al. [69], using ex vivo experiment the researchers investigated the effect of butyrate
on the enteric nervous system (ENS) and colonic motility and found that butyrate could
increase cholinergic-mediated colonic circular muscle contractile response. Regarding the
mechanisms, they showed that butyrate could enhance the ratio of choline acetyltransferase
(ChAT) but not neuronal nitric oxide synthase (nNOS)-immunoreactive myenteric neurons
in an monocarboxylate transporter 2 (MCT2) dependent manner. While they also revealed
that acetate and propionate did not have this effect. In comparison to this study, Cherbut
et al. [70] found that intracolonic infusion of propionate or butyrate could significantly
reduce colon motility and increase transit rate. About the mechanisms, the researchers
revealed that local nerve fibers and polypeptide YY (PYY) were involved in the inhibitory
role of the SCFAs since inhibition of intraluminal nerve activity using procaine infusion
or neutralization of circulating PYY could block the effect of SCFAs on colon motility.
Therefore, the exact role of SCFAs in colon motility may need to be further determined.
The debatable effects of SCFAs in colon motility were also reported in studies of irritable
bowel syndrome (IBS). As shown in Shaidullov et al.’s study [71], the researchers proposed
that an imbalanced stimulatory and inhibitory effects of SCFAs on the regulation of colon
contractility led to accelerated transit in IBS. Similar mechanisms in regulation of colonic
motility by SCFAs may also apply to IBD and need to be validated in future.
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3. Traditional Medicine and Their Derivatives Act on SCFAs to Alleviate Related Colitis
through a Variety of Mechanisms

As mentioned above, recent studies in the literature have described that some tradi-
tional decoctions, formulations, and natural compounds can regulate the generation of
SCFAs to alleviate animal models of colitis. In these studies, multiple experimental animals
were treated with chemicals, such as DSS, which causes epithelial damage and subsequently
allows the entry of intestinal microflora, thereby stimulating immune cells in the lamina
propria to induce intestinal inflammation. The manifestations of the models to some extent
mimic symptoms of IBD patients and are widely used to simulate the pathophysiological
process of IBD and study the pathogenesis and molecular mechanisms of this disease.
This section will discuss the effects, animal models, and related mechanisms of multiple
traditional medicines, especially their roles in generating SCFAs. The detailed information
is also summarized in Table 1.

3.1. The Major Decoctions/Compounds That Trigger the Production of SCFAs in Treating
UC-Associated Colitis

3.1.1. Coptis Chinensis Polysaccharides (CCP) and Berberine (BBR)

CCP and BBR both have a role in alleviating intestinal inflammatory conditions. Wang
et al. [72] studied the combined effect and the mechanisms of CCP and BBR on colitis.
Using DSS-induced colitis in mice, the researchers showed that the administration of CCP
and BBR had an impact on suppressing inflammatory conditions in the colon, possibly
by regulating the production of SCFAs and related gut bacteria, which promoted the
expression of tight junction proteins by epithelial cells and activated IL-22 producing cells
via modulating AhR signaling pathway. The altered SCFAs included acetate, propionate,
butyrate, isobutyrate, valerate, and isovalerate. It should be noted that BBR alone could
also have an anti-colitis effect as evidenced by Sun et al.’s study [73]. In comparison to
the effect of combined administration, BBR alone also increased the levels of the SCFAs,
but the types of the SCFAs regulated by BBR alone were different from those affected by
the CCP/BBR combination. BBR alone could only up-regulate the levels of acetic acid,
butanoic acid, and pentanoic acid. Moreover, CCP/BBR could considerably increase the
abundance of SCFA-producing bacteria, which was found to be drastically reduced in IBD
patients, including Akkermansia, Bacteroides, and Faecalibaculum. Correlation analysis
revealed that Bacteroidetes and Akkermansia had strong positive correlations with the
contents of SCFAs. It should be noted that Akkermansia is an intestinal mucin-degrading
bacterium and can produce two kinds of SCFAs (acetate and propionate). The cross-feeding
of Akkermansia and butyrate-producing bacteria could promote the levels of SCFAs. All
these results suggested that promoting the abundance of SCFA-producing bacteria, thereby
increasing the contents of SCFAs in the body and activating the AhR/IL-22 pathway, might
be the potential synergistic mechanism of CCP and BBR [72].

3.1.2. Gegen Qinlian Decoction (GQD)

An example of herbal decoctions that regulate the levels of SCFAs is Gegen Qinlian
Decoction (GQD), a Chinese formula widely applied in treating inflammatory conditions
of the intestine such as diarrhea. Using a diarrhea model of piglets, Liu et al. [74] reported
that GQD could ameliorate diarrhea symptoms by up-regulating the abundance of SCFA-
producing microorganisms such as Akkermansia and Bacteroides. These changes thus
induced an increase in the three major types of fecal SCFAs, including acetic acid, propionic
acid, and butyric acid, which attenuated colonic inflammatory responses by inhibiting the
NF-kB pathway and HDAC. The increased commensal bacteria can also regulate goblet cell
differentiation to finetune mucus production, which promotes the integrity of the intestinal
mucosal barrier [75]. Of note, the role of GQD in inducing SCFAs was also observed in
the treatment of type 2 diabetes, it could increase the abundance of probiotics and SCFA-
producing bacteria such as Bifidobacteria [76]. Wang et al. [77] found that GQD could
suppress UC by modulating the ferroptosis pathway in mice. Under this circumstance,
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GQD-induced production of SCFAs in the intestine might play an important regulatory
role in the suppression of UC-associated conditions. Meanwhile, collecting the above
information, it is reasonable to assume that the production of SCFAs may act as upstream
regulators of ferroptosis. However, some recent studies in cancers revealed that some salts
of SCFAs such as sodium butyrate could induce ferroptosis of various cancer cells [78,79]. In
addition, SCFAs generated in response to GQD were associated with changes in oxidative
stress. A piece of evidence proved that oral administration of GQD reduced oxidative stress
in the colon of UC model mice, as demonstrated by the decrease of myeloperoxidase (MPO)
activity and malondialdehyde (MDA) level and the increase of glutathione content [80].
Thus, besides the various beneficial effects of SCFAs on colonic inflammation, the potential
effects of SCFAs on ferroptosis in colitis need to be determined in future studies.

3.1.3. Baicalin

Baicalin is a flavone glycoside extracted from many herbal plants and has been shown
to have inhibitory effects on UC. A study by Zhu et al. [10] investigated the effect of baicalin
on the structure and composition of microbiota and the levels of SCFAs in the gut using
a rat model of colitis induced by trinitrobenzene sulphonic acid (TNBS). The researchers
showed that baicalin could ameliorate symptoms in the UC model via various mechanisms.
The compound repressed TNBS-induced ROS and MDA, meanwhile enhanced the levels
of GSH and SOD in the colon. It also suppressed the Th17/Treg ratio and up-regulated
the production of mucins and tight junction proteins such as ZO-1 and Occludin. More-
over, baicalin treatment improved gut dysbiosis by changing the ratio of Firmicutes and
Bacteroidetes. More importantly, the authors revealed that baicalin could up-regulate
the abundance of butyrate-producing bacterial species such as Butyricimonas spp. and
Roseburia spp. This finding was consistent with the increased level of butyrate in the feces.
The changes in butyrate might be an upstream regulator of the intestinal changes since
this SCFA has multiple regulatory roles in the restoration of gut inflammation, including
its regulation of the protective proteins such as tight junction proteins and mucins, the
differentiation of Th17/Treg, and pro-inflammatory cytokines.

3.1.4. Qingchang Huashi Formula (QHF)

QHEF is a formula widely used in treating UC-associated symptoms in traditional
Chinese medicine. Hu et al. [81] studied the mechanisms of QHF in treating UC and found
that QHF could inhibit DSS-induced colitis in mice. Constituents of QHF could maintain
gut homeostasis by regulating gut microbiota and their metabolites and regulating the
proliferation of crypt stem cells and the functions of goblet cells in the intestine. In this
study, the researchers found that DSS treatment could down-regulate the levels of SCFAs,
including butyrate acid, isobutyric acid, and valeric acid. In comparison, the administration
of QHEF significantly reversed these changes. It is worth noting that QHF treatment also
significantly reduced the expression of NLRP3, IL-1§3, and IL-18 on both mRNA and protein
levels. Although the authors of this paper did not directly examine if the reduced NLRP3
expression was associated with the increase of SCFAs in the colon, many previous studies
had shown that various SCFAs such as butyrate could suppress the activation of the NLRP3
inflammasome [82]. Thus, targeting the NLRP3 inflammasome via up-regulating the SCFAs
is at least one of the mechanisms employed by QHF to exert its anti-colitis effects.

3.1.5. Pulsatilla Decoction (PD)

PD is a formula widely used in treating UC. Niu et al. [83] studied the associated
mechanisms of PD in treating this disease using a DSS-induced colitis model in mice and
found that PD administration could induce a significant decline in the symptoms of the mic
triggered by DSS. In further experiments, the researchers showed that PD could enhance the
abundance of Bacteroidetes and meanwhile down-regulate the enrichment of Firmicutes
and Proteobacteria. At the same time, PD treatment significantly up-regulated the levels
of total fecal SCFAs, including acetate and propionate. The changes in SCFAs induced by
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PD were consistent with the levels of pro-inflammatory cytokines in the colon, including
IL-1B, TNF-«o, and IL-17. In comparison, the level of the anti-inflammatory cytokine, IL-10,
was enhanced by PD administration. Similar to many other therapeutic drugs, PD also
improved the production of protective proteins in the gut such as Occludin, ZO-1, Claudins,
and GPR43. These observations suggest that the anti-UC effect of PD might be related to its
effect on promoting SCFA production. Regarding the intracellular pathways, although the
Niu et al. study did not examine the related pathways activated by PD, the suppressive
effect of PD on various pro-inflammatory cytokines might indicate its potential effect on
the NF-«kB pathway. Moreover, a study by Wang et al. [84] disclosed that PD might also
regulate the PI3K-AKT-mTORC1 signaling pathway in alleviating colitis. In addition, Li
et al. [85] observed that PD could regulate the GPR43-NLRP3 pathway in the treatment of
UC. Thus, multiple pathways contributed to the suppressive role of PD in colitis inhibition.

3.1.6. Astragalus Membranaceus and Codonopsis Pilosula (PAC)

Tang et al. [86] studied the effects of the polysaccharides from PAC in a mouse model
of colitis and showed that PAC could ameliorate symptoms of colitis and alleviate colonic
injury induced by DSS. Their further studies revealed that the changes induced by PAC
were achieved by activating AhR and promoting the production of SCFAs, including
isovaleric acid and butyrate. However, the intracellular signaling pathways triggered
by the condition of PAC treatment were not studied. Although the role of butyrate in
activating various signaling pathways has been described, the combination of two types of
SCFAs may trigger different signaling pathways. Thus, PAC, especially isovaleric acid and
butyrate, induced intracellular signaling pathways need to be determined in the future.

3.1.7. Hericium Erinaceus Mycelium (HEM)

It is interesting to note that a high concentration of acetic acid could induce colitis in
rats. Using this model, Shao et al. [87] studied the potential effect of EP-1, the polysaccharide
purified from HEM, on colitis and found that the rats” exposure to EP-1 manifested reduced
colonic inflammation. The researcher’s subsequent studies revealed that EP-1 treatment
could change the structure of the gut microbiota and enhance the levels of SCFAs. In
addition, EP-1 significantly suppressed the levels of GPR41 and GPR43, two important
receptors of SCFAs, including acetic acid. Therefore, the inhibitory role of EP-1 on GPR41
and GPR43 might block the acetic acid-induced signaling pathway and thus ameliorate the
colonic inflammation. Considering this possibility, EP-1-induced SCFAs might not achieve
their suppressive effects on colitis via GPR41 and GPR43 since these receptors could be
hampered by EP-1. Additionally, EP-1 can increase SOD activity, reduce ROS content
and oxidative damage in vitro and in vivo [87], which also serve as regulator of colonic
inflammation. Another study by Ren et al. [88] also evaluated the role of polysaccharides
of HEM in DSS-induced colitis in mice. They found that the polysaccharide could suppress
clinical manifestations of colitis by down-regulating the markers of oxidative stress such as
nitric oxide (NO) and the pro-inflammatory cytokines, including IL-13, TNF-«, and IL-6.
The study also revealed that NF-kB, MAPK, and AKT signaling pathways were involved in
the inhibitory effect of HEM polysaccharide on colitis. It is not sure if the two polysaccharide
components of HEM in the above two studies are the same, we could speculate that EP-1-
induced SCFAs might also contribute to the inhibition of NF-kB/MAPK/AKT pathways
observed in Ren et al.” study.
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3.1.8. Herba Origani Extract Pulvis (HOEP)

Yu et al. [89] studied the effect of HOEP on DSS-induced colitis in mice and showed that
HOEP could reduce DSS-induced inflammatory response in the colon. For the mechanisms,
the authors showed that HOEP had a role in regulating colonic dysbiosis and enhancing the
enrichment of Bacteroidota, which produces various SCFAs such as acetate and propionate.
To date, the signaling pathways triggered by HOEP have not been determined. Studies
have demonstrated that HOEP can significantly reduce the levels of IL-13 and TNF-« in a
dose-dependent manner, possibly by enhancing the production of SCFAs in the colon [89].

3.1.9. Paeonol

Zheng et al. [90] studied the effect of Paeonol on a colitis model induced by DSS and
showed that Paeonol could ameliorate UC-associated colonic symptoms. To investigate the
related mechanisms, the researchers examined the effect of Paeonol on gut microbiota and
intestinal metabolites. They found that Paeonol could significantly enhance the abundance
of gut microbiota and alter multiple metabolites, including SCFAs.

3.1.10. Huangqin Decoction (HQD)

Li et al. [91] studied the effect of Huangqin decoction HQD on DSS-induced colitis
in mice and found that HQD administration could induce a decline in body weight loss,
disease activity index (DAI) induced by DSS and improve the intestinal barrier function.
The authors also disclosed that HQD could target the Ras-PI3K-Akt-HIF-1x and NF-
kB pathways to achieve its anti-inflammatory effects. Another related study provided
evidence that the signaling pathway might be inhibited by HQD-mediated production
of SCFAs. In this study, Zhu et al. [92] found that HQD could enhance the abundance
of Clostridium and trigger the production of butyric acid. Using in vitro studies, the
researchers found that sodium butyrate (NaB) could enhance cellular apoptosis and reduce
the PI3K-AKT pathway.

3.1.11. Sishen Wan (SSW)

Using the DNBS-induced colitis model, Wang et al. [93] evaluated the role of SSW
in treating colonic inflammation and found that SSW could attenuate DNBS-induced
pathological changes in the colon by reducing pro-inflammatory cytokines and promoting
anti-inflammatory cytokines. Meanwhile, SSW could enhance the levels of PPARy and
TGF-B1 and decrease the level of STAT3. Moreover, SSW could alter the ratio of Th17/Treg
in the colon. These changes might be associated with the alterations in gut microbiota and
their metabolites since SSW administration induced a significant enrichment of Firmicutes
and a decline of Bacteroidota, which was consistent with the increased butyric acid in
the feces.

3.1.12. Composite Sophora Colon-Soluble Capsule (CSCC)

Chen et al. [94] found that the CSCC could attenuate inflammation of DSS-induced
colitis in mice. In further studies, the researcher showed that CSCC could trigger the
production of probiotics such as the Bacteroidales S24-7 genus. This result was accompanied
by an increased level of butyric acid in the colon. Moreover, the administration of CSCC
triggered a decrease in Lti ILC3s and an increase in NCR+ ILC3s. The change in ILC3s
might lead to the production of intestinal IL-22, a critical cytokine for gut epithelial barrier
function. All these findings might suggest a therapeutic potential of CSCC for UC.

3.1.13. Acorn-Fed Ham

Fernandez et al. [95] studied the impact of a traditional cured meat product, acorn-fed
ham on UC using a DSS-induced colitis model in mice. The researchers found that in
comparison to conventional vegetable rat feed, feeding with acorn-fed ham could change
the composition of gut microbiota, specifically, the bacterial genera with anti-inflammatory
properties showed significant enrichment and thus induced an overall reduction of parame-
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ters associated with colitis such as the disease activity, epithelial damage and the infiltration
of inflammatory cells. Regarding the mechanisms, the authors showed that the acorn-fed
ham up-regulated antioxidants such as oleic acid in plasma and increased short-chain fatty
acids such as isobutyric, isovaleric, and valeric acids in cecum. Thus, acorn-fed ham might
affect colitis by regulating the production of oleic acid and various SCFAs in the colon.

3.1.14. Fermented Astragalus (FA)

Fermentation is a biotechnological method widely used in processing traditional
Chinese medicine and increasing its functions. A study by Li et al. [96] evaluated the
effect of FA on treating UC using a mouse colitis model induced by DSS. They identified
the metabolites of FA after processing of Lactobacillus plantarum and found that FA
pre-treatment could alleviate DSS-induced pathological changes, including histological
lesion, colon length, DAI score, intestinal barrier damage, the levels of MPO, and IgE.
Other changes induced by FA included a decrease in pro-inflammatory cytokines and an
increase in anti-inflammatory cytokines. Meanwhile, FA triggered an alteration of gut
microbiota and up-regulated the abundance of Akkermansia and Alistipes. The changes in
gut microflora were positively correlated with the levels of SCFAs in the colon, including
acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid,
which play an essential role in protecting the epithelial barrier function as evidenced by the
increased levels of tight junction proteins such as ZO-1, occludin, and mucus-producing
gene MUC2. Of note, the unfermented Astragalus did not have the anti-colitis effect, further
highlighting the efficacy of fermentation.

3.1.15. Indigo Naturalis

Indigo naturalis is a traditional medicine widely used in treating UC. Sun et al. [97]
investigated the mechanisms of Indigo naturalis in treating UC using a rat model induced
by DSS. They showed that the protective effect of Indigo naturalis was associated with its
role in regulating gut microbiota since depletion of microbiota using antibiotics blocked the
inhibitory role on colitis. More importantly, the administration of indigo naturalis could
enhance fecal butyrate levels. This change correlated with the up-regulated enrichment of
Ruminococcus_1 and Butyricicoccus. Further tests disclosed that indigo naturalis could
improve the expression of receptors of SCFAs such as GPR41 and GPR43.

3.1.16. Schisandra Chinensis Polysaccharide (SCP)

Su et al. [98] studied the role of Schisandra chinensis Polysaccharide (SCP) on colitis
using a DSS-induced colitis model in mice. They showed that SCP significantly improved
the damaged epithelium triggered by DSS. The role of SCP might be associated with its
impact on gut microbiota and fecal SCFAs since SCP enhanced levels of butyric acid,
isobutyric acid, and valeric acid, which also showed a correlation with the enrichment of
particular species of gut microbiota.

3.1.17. Pulsatilla Chinensis Saponins (PCS)

PCS is a bioactive ingredient of Pulsatilla decoction, a traditional medicine used in
treating UC. A study by Li et al. [85] showed that PCS exerted its anti-colitis role by
regulating SCFAs in colon tissues. Meanwhile, it also increased the level of SCFA receptor
GPR43. These changes mediated by PCS might be responsible for the subsequent inhibition
of the NLRP3 inflammasome and related pro-inflammatory cytokines including IL-1f3.
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3.1.18. Galangin

Galangin is a bioactive component of Alpinia officinarum (galangal), an herbal plant
rich in some specific bacterial groups that can promote SCFA production. Galangal treat-
ment can reverse the DSS-induced reduction of SCFAs by increasing acetate and butyrate
levels, possibly associated with the SCFA-producing bacteria it contains such as Butyri-
cobacter, which might play a role in remodeling the gut microbiome [99]. To further study if
the role of galangal was mediated by its major bioactive compound, galanin, Xuan et al. [99]
employed a DSS-induced colitis model and evaluated the role of galangin in colonic in-
flammation. The researchers found that treatment with galangin reduced colonic damages
triggered by DSS by suppressing colonic pro-inflammatory mediators, including IL-1f3,
TNF-«, IL-6, and MPO. Meanwhile, galangin could enhance autophagy and enrich and di-
versity of the gut microbiota. These changes were accompanied by up-regulation of SCFAs
in the colon, which was associated with enrichment of Lactobacillus spp. and Butyricimonas
spp. Thus, this study provided evidence that the anti-colitis effect of galangal was mediated
by galangin since they induced similar beneficial alterations in animals with colitis and the
study further highlighted the role of SCFAs in ameliorating colonic inflammation.

3.1.19. Pinocembrin (PIN)

The PIN is a bioactive flavonoid with a potent effect on maintaining gastrointestinal
homeostasis. To study the related mechanisms, Hu et al. [100] studied its impact on DSS-
induced colitis in rats. DSS-treated rats showed remarkable histological damages, while
these changes were significantly reduced by PIN treatment, which also had a suppressive
role in the production of pro-inflammatory cytokines and improved levels of tight junction
proteins. It should be noted that PIN could also restore the DSS-induced loss of SCFAs,
including acetate and butyrate, and the levels were negatively correlated with disease
activity, indicating an increase of SCFA-producing microbes in the gut.

In general, the chemical composition and specific role of some traditional drugs or
natural compounds have not yet been fully determined. The detailed list of SCFAs induced
by these traditional medicines and the molecular mechanisms and signaling pathways
triggered by the SCFAs still need to be identified. Further research to solve these problems
may help the development of new drugs for the treatment of IBD by regulating SCFAs.

3.2. The Common Mechanisms of SCEAs Derived from Traditional Medicine in Alleviating Colitis

As described above, many traditional medicine can ameliorate symptoms of colitis in
several animal models by regulating the production of SCFAs. The effects of the SCFAs
are achieved through several mechanisms, mainly including regulating Th17/Treg cell
balance or suppressing a number of signaling pathways such as the NF-«kB, the RORyT, the
AKT-STAT3, NLRP3 inflammasome, and the AhR signaling pathways. Here, we discuss
these new findings and the associated mechanisms triggered by various SCFAs (Figure 2
and Table 1). On this basis, we provide our understandings of future studies that may lead
to development of SCFA-based anti-IBD drugs.
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Table 1. Traditional medicine-derived decoctions and compounds alleviate colitis by modulating SCFAs.
No. Decoction Constituent Mechanism Regulated SCFAs Pathway Dose/Concentration Disease Model Reference
Promote the level of butyrate in
567 SCFAs, regulate protective 25.0, 50.0, and 100
) BalFalgln trihydroxyflavone- proteins such as.tlght junction Butyric acid NE-«B mg/kg by gavage TNBS—pouced [10]
(Baicalin) 7-boD-elucuronat protein and mucin, balance the every 2 days for 14 colitis
BUCUTONALE —atio of Th17/ Treg, and inhibit days
pro-inflammatory cytokines
Acetic acid,
e
@) POty : (CCP) and SCFA-producing bacteria and _oubyncadd, AhR/IL-22 &/ <8 o 7o Foorndl [72]
and berberine berberine (BBR) increases the level of SCFASs isobutyric acid, once a day for 10 colitis in mice
(CCP/BBR) valeric acid, and days
isovaleric acid
Isoquinoline Acefic acid, ig/ mg-;c/ kcgla]fr]?Rc:rrl1 3% DSS-induced
3 Berberine quine Increase the level of SCFAs butyric acid, and STAT3/NF-«B oYy Y ST [73]
alkaloids . solution once a colitis in mice
valeric acid
day for one week
Flavonoids
C-glycosides,
flavonoids
O-glucosides, Increases the abundance of
o ~phenyhso‘qumo— SCI?A—produgng bacteria such as Acetic acid, GQD tablet extract Oral E. coli
Gegen Qinlian line alkaloids, free bifidobacterium, reduces colon TR TLR/NE- (oral, 49 g/piglet, . .
4) . . . propionic acid, induced diarrhea [74]
Decoction (GQD) flavonoids, inflammatory responses, and and butvric acid kB/HDAC once a day for one in piclets
flavonoids promotes the integrity of the Y week) P&
O-glycosides, intestinal barrier
coumarins,
triterpenoid

saponins, etc.
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Table 1. Cont.
No Decoction Constituent Mechanism Regulated SCFAs Pathway Dose/Concentration Disease Model Reference
Astragalus,
Paeoniae paeoniae ~ Upregulation of SCFAs content 18 ¢ /ke, 3 days 2.5% DSS-induced
(Peony), Pulsatilla,  inhibits the activation of NLRP3 Butvric acid k;ée fofe, DSSy acute colitis in
5) Qingchang Huashi ~ Angelica dahurica inflammasome, reduces the isobu}jc ric aci,d NLRP3/IL-1p treatment until the mice/ [81]
Formula (QHF) and dried sausage,  production of proinflammatory and Vai]eric aci ci end of the 2% DSS-induced
Scutellaria cytokines in colon, and maintains periment chronic colitis in
baicalensis, jade a stable intestinal environment experime mice
and so on
Aesculin, aesculin,
baicalin
hydrochloride, Induces levels of SCFAs, and )
. palmatine improves the production of NF-«B; 42,75 and 8.1 o .
Pulsatilla . . o Acetate and PI3K-AKT- g/kg by gavage 3% DSS-induced
(6) chloride protective proteins in the [83]
decoction (PD) berberiné intestine. such as Occludin. ZO-1 propionate mTORC1, once daily for 7 colitis in mice
Pulsatilla Claudins, and GPR43 NLRP3 days
pulsatilla saponin
B4
Increases the levels of SCFA
Pulsatilla Pulsatilla receptor GPR43 and inhibits the 300 me /ke, orall DSS-colitis in rats
(7) chinensis saponin triterpenoid NLRP3 inflammasome and Unidentified NLRP3 thg 1 Ogti‘l d Y 4 g/kg/d) for 10 [85]
(PRS) saponins related pro-inflammatory onthe ay days
cytokines
Polysaccharides Mannose, ribose,
from Astragalus rhamnose, Activate the aromatic . . o .
® membranaceus glucuronic acid, =~ hydrocarbon receptor (AhR) and Iso‘{)ﬂfrfica;? dand Unidentified m39(1)<l 6/0(;[1)a Ziﬁli?iisizrrl:ilclzceed [86]
and Codonopsis glucose, xylose, promote SCFAs production y &/ K&/ qay
pilosula (PAC) arabinose, etc
The
Polysaccharide of polysaccharide Alter the structure of the gut NF-<B 4% acetic
©) Hericium component EP-1is  microbiota, increases the level of acetic acid /MARK 0.6,1.2 g/kg, once aci d(-)in duced [87,38]
erinaceus composed of SCFAs, inhibits the levels of /AKT daily for 10 days colitis in mice !
mycelium (HEM)  glucose, mannose GPR41 and GPR43

and galactose
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No. Decoction Constituent Mechanism Regulated SCFAs Pathway Dose/Concentration Disease Model Reference
Herba Origani Rosmarinic acid InCrii?iltc};etﬁ?d;(l)jirtligisocfZFAs, 0.125,0.25, 0.5, 1
gar ’ . P . Acetic acid and . e g/kg of HOEP, 3% DSS-induced
(10) Extract Pulvis thymol, and pro-inflammatory cytokines, and .. . Unidentified . . [89]
o . . propionic acid orally, once a day colitis in mice
(HOEP) carvacrol maintain a stable intestinal
. for 10 days
environment
2'-hydroxy-4'- Increased gut microbiota 52; 1?12' a;fdPSa(;O 39 DSS-induced
11) Paeonol (Pae) methoxyacetophenoneabundance with SCFAs content, Unidentified Unidentified '8/ K8 ! e . [90]
. . twice daily for 7 colitis in mice
CoH;1903 altered various metabolites
days
Increases the 2.275,4.55,and 9.1
Huanggin 117 active abundance of g/kg once daily 3% DSS-induced
(12) Decoction (HQD) compounds Increase the level of SCFAs clostridium, butyric PI3K/Akt via gavage for 7 colitis in mice 91,921
acid days
. 6g 12g/kgin
Pso;lilst,nlfzodla, Changes in the Th17/Treg ratio in distilled water (10 DNBS-induced
(13) Sishen Wan (SSW) . & the colon increase the abundance Butyric acid Th17/Treg balance mL/kg) by gavage . [93]
schisandra, jujube . . colitis in rats
of SCFAs producing bacteria once a day for 21
and so on
days
Composite Angelica powder,
(14) Sophora green Dai, rr.latrllne, Increase the level of SCFAs Butyric acid AKT-STAT3 0.5 3'84 8/kg/d, 3% ]?S.S-'mdgced [94]
colon-soluble ulmus and licorice, until day 14 colitis in mice
Capsule (CSCC) etc
Up-regulates the plasma Isobutyric acid, 25 g ham to each 3% DSS-induced
(15) Acorn-fed ham Unidentified antioxidants such as oleic acid isovaleric acid, Unidentified cage daily, for C(Z)li tis in mice [95]
and Increase the level of SCFAs and valeric acid seven days
11 different p;g;?(t)lriiicafi, q
Fermented metabohfces such C.hang.es the composition of gut butyric acid, . B 5 g/kg/day, FA, 3.5% DSS-induced
(16) as raffinose, microbiota and Increase the level . . Unidentified once a day for 7 e . [96]
astragalus (FA) isobutyric acid, colitis in mice
progesterone and of SCFAs days

uridine

valeric acid, and
isovaleric acid
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No. Decoction Constituent Mechanism Regulated SCFAs Pathway Dose/Concentration Disease Model Reference

Increasing SCFAs in faeces

increases the abundance of

. . . o SCFAs producing bacteria and S AhR/IL-22 and 600 mg/kgoncea  4.5% DSS-induced
(17 Indigo naturalis Unidentified increases the expression of SCFAs Butyric acid NLRP3 day for 7 days colitis in mice 71
receptors such as GPR41 and
GPR43
Schisandra Butyric acid
(18) chmensm. Schisandra cr.ude Increase the level of SCFAs isobutyric acid, NF-«B 8Z0 8/kg, SCP, 3% ]?S.S-.mdgced [98]
polysaccharide polysaccharide and valeric acid daily for 10 days colitis in mice
(SCP)
Increases SCFA-producing
bacteria such as Bacillus
. 3,5,7- butyricum, en.hances the Acetic acid and . e 15 mg/kg, orally 3% DSS-induced
(19) Galangin . autophagy, enrichment, and . Unidentified once daily for 7 e [99]
trihydroxyflavones di . - . butyric acid colitis in mice
iversity of the gut microbiota, days
inhibits colonic pro-inflammatory
mediators, colonic inflammation
Pinot umbrella Increases the levels of SCFAs and  Acetic and butyric 5and 10 mg/kg, 3.5% DSS-induced

(20) Pinocembrin (PIN) protein acid NF-«B orally, once a day ' [100]

SCFA-producing microbes

for 7 days

colitis in mice
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Figure 2. The signaling pathways triggered by traditional medicine-derived SCFAs. Some decoc-
tions/compounds in traditional Chinese medicines alleviate colitis by inducing the production of
various SCFAs such as acetate, butyrate, and valerate, which target several signaling pathways
such as GPRs to trigger the production of various barrier-supporting proteins such as the tight
junction proteins, mucins, and immunomodulatory cytokines such as IL-22, which play a critical
role in maintaining gut homeostasis. SCFAs also suppress pro-inflammatory pathways such as the
TLR-NF-«B pathway, the NLRP3 inflammasome, and IL-6 mediated AKT pathway to down-regulate
the production of pro-inflammatory cytokines such as TNF-«, IL-1$, and IL-8, which may influence
IBD by regulating the recruitment of multiple immune cells to the site of inflammation. SCFAs may
promote PPARY production via the NF-«B pathway, then suppress the level of RORYT to control
Th17 cell differentiation and interfere with inflammation by regulating the balance of Th17/Treg
cells. Regulation of the AKT/STAT3 signaling pathway through SCFA production is an impor-
tant mechanism in the treatment of colon inflammation by some traditional drugs. Abbreviations:
(1) Baicalein; (2) Polysaccharides (CCP) and berberine (BBR); (3) Berberine; (4) Gegen Qinlian De-
coction (GQD); (5) Qingchang Huashi Formula (QHF); (6) Pulsatilla decoction (PD); (7) Pulsatilla
chinensis saponin (PCS); (8) Polysaccharides from Astragalus membranaceus and Codonopsis pi-
losula (PAC); (9) Polysaccharide of Hericium erinaceus mycelium (HEM); (10) Herba Origani Ex-
tract Pulvis (HOEP); (11) Paeonol (Pae); (12) Huangqin Decoction (HQD); (13) Sishen Wan (SSW);
(14) Composite Sophora colon-soluble Capsule (CSCC); (15) Acorn-fed ham; (16) Fermented astra-
galus (FA); (17) Indigo naturalis; (18) Schisandra chinensis polysaccharide (SCP); (19) Galangin;
(20) Pinocembrin (PIN).

3.2.1. NF-«B

NF-«B is a key transcription factor involved in many biological processes and its
excessive activation may affect the development of IBD through various mechanisms. NF-
kB signaling pathway is the most common target of many herbal decoctions or natural
compounds. As mentioned above, the effect of GQD on inhibiting the expression of in-
flammatory cytokines was mediated by suppressing the TLR4-mediated NF-«B signaling
pathway [80]. The effect of GQD was associated with the inhibition of HDAC by SC-
FAs [48,101]. GQD-derived SCFAs could also stabilize the expression of IkBx and attenuate
the level of NF-«B-P65 [102-104]. The second example for targeting NF-«B pathway was
provided by the study of baicalin, which alleviates DSS-induced chronic UC, possibly by
SCFA-mediated inhibition of NF-kB activation and subsequent expression of IL-33 [105].
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Moreover, some polysaccharides could suppress the NF-«B pathway to exert their anti-
colitis effect. A good example of this line of evidence is provided by SCFAs derived from
Astragalus polysaccharides, which attenuate colonic inflammation by suppressing NF-xB
activation and release of related pro-inflammatory cytokines [106,107]. Furthermore, NF-«B
is also the target of SCFAs generated during treatment of SCP or BBR in inhibiting colonic
inflammation [73,98]. Thus, the NF-kB signaling pathway is a common target of SCFAs
derived from many decoctions and compounds in traditional medicine.

3.2.2. Th17/Treg Balance

T helper 17 (T17) /Regulatory T (Treg) imbalance is a common inflammation-related
mechanism. More and more evidence shows that the destruction of Th17/Treg balance is
considered to be an important mediator of tissue damage in UC colonic mucosal ulcer [93],
and also an important factor in the pathogenesis of IBD [10]. IL-6-induced signal transducer
and activator of transcription 3 (STAT3) signaling plays a key role in the differentiation
of CD4+ T cells to Tregs or Th17 cells, which determines the quiescence or the develop-
ment of colonic inflammation [108]. SCFAs can regulate the homeostasis of colonic Treg
cells and activate the intestinal mucosal immune system [109]. Studies have found that
the traditional drug SSW increases the concentration of butyric acid in the intestine by
increasing the expression of PPAR-y and correcting the imbalance of the Treg/T17 immune
axis [93]. Furthermore, SCFA, especially butyrate, was found in Astragalus and Codonopsis
polysaccharide (AERP CERP), which can regulate the differentiation of T cells and the
secretion of inflammatory factors, indicating that they may have potential value in the
recovery of UC [110]. Moreover, Baicalin reduced the ratio of Th17/Treg in TNBS-induced
UC rats [111]. An increase in the ratio of Th17/Treg cells was observed in the UC group,
and baicalin treatment inhibited this induction, indicating that baicalin attenuated inflam-
mation. In addition, FA supplementation can also interfere with the inflammatory state
by regulating the balance of Th17/Treg-related cytokines. It changed the structure of the
intestinal microflora and enriched the abundance of Akkermansia and Alistipes, which
were positively correlated with the production of SCFA [96]. Thus, regulating the balance
of Th17/Treg is an important mechanism of traditional medicine-derived SCFAs in treating
UC-associated symptoms.

3.2.3. RORyT

RORYT is a transcription factor that controls the differentiation of Th17 cells and is
essential for the secretion of Th17 effector cytokines [93]. Previous studies have shown that
Th17 cells may infiltrate the inflammatory bowel of UC patients and produce effector cy-
tokines to regulate colonic inflammation. It has been shown that the intestinal microflora of
IBD patients can affect Th17 cell differentiation in the intestine of mice [112]. The intestinal
microbiota can activate the expression of PPAR-y in epithelial cells of the intestine and
maintain intestinal mucosal homeostasis [113]. This effect may be mediated by microbiota-
derived SCFAs, which regulate the differentiation direction of CD4+ T cells, restore the
balance of the immune axis, and inhibit the inflammatory response [93]. Some recent
studies have also shown that traditional medicine decoction regulates RORyT activity [114].
As described above, administration of SSW enhances the production of PPAR-~y in the colon.
The activation of PPAR-y has a protective effect on colitis, and its expression is reduced
in UC patients [113]. Activation of PPAR-y reduces the production of local intestinal IL-6
and inhibits the elimination of the co-repressor SMRT from the Rorc promoter, thereby
inhibiting RORYT production and subsequent Th17 cell differentiation [115]. According to
previous studies, the expression of TGF-$1 and PPAR-y in colon tissue treated with SSW
was significantly increased, and the expression of STAT3 and p-STAT3 was significantly de-
creased. SSW can increase the concentration of butyrate in the intestinal microflora, which
can reduce intestinal permeability, enhance the intestinal mucosal barrier, down-regulate
the expression of pro-inflammatory cytokine IL-6 [8], increase the expression of PPAR-y,
inhibit the production of inflammatory cytokines, improve the damaged intestinal barrier
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function under inflammatory conditions, thereby suppressing the disrupted Th17 response
and reducing the severity of UC [103,116]. Therefore, regulating the expressions of PPAR-y
and RORyT is an essential approach of SSW in treating UC by enhancing the production
of SCFAs.

3.2.4. AKT-STAT3

The AKT-STAT3 pathway is an intracellular signaling pathway that has a significant
impact on many biological processes, such as cell survival, proliferation, and angiogenesis.
Activation of this pathway has a significant impact on UC [94]. In traditional medicine,
some drugs can regulate the intestinal barrier to alleviate UC-related symptoms by reg-
ulating the AKT-STAT3 pathway [117]. CSCC provides an example of this evidence. Re-
searchers have found that SCFAs promote NCR+ ILC3 proliferation and IL-22 production
by activating the downstream AKT/STAT3 signaling pathway, leading to intestinal epithe-
lial cell regeneration, AMP production, and intestinal epithelial cell mucus secretion [94].
Thus, regulating the AKT/STAT3 signaling pathway via generated SCFAs is an important
mechanism employed by some traditional medicines in treating colonic inflammation.
However, the components of the traditional drugs in promoting SCFA production need to
be further determined.

3.2.5. NLRP3 Inflammasome

The NLRP3 inflammasome is a protein complex that plays a critical role both in
host defense against infections and in the regulation of autoinflammatory diseases. Some
recent studies showed that the components of the NLRP3 inflammasome showed increased
expression in IBD patients and thus play a role in regulating the development of IBD [118].
Some SCFAs enter the blood through the intestine and bind to GPR43 on the surface of
immune cells to affect the activation of the NLRP3 inflammasome. With the increase of
SCFA content, the natural sensor GPR43 was activated, and the protein level of GPR43 was
up-regulated. This inhibits the activation of NLRP3 inflammasome and thus reduces the
production of pro-inflammatory cytokines including IL-13 and IL-18 in the colon, maintains
a stable intestinal environment, reduces the permeability of intestinal mucosa, and promotes
the recovery of the intestinal barrier [119]. It was found that the GPR41/43 pathway is
necessary to prevent indigo-induced DSS-induced colitis, and the change of indigo-induced
microflora may be a key regulator for this effect by increasing the production of SCFAs,
especially butyric acid [97], which suppresses the activation of GPR43-NLRP3 signaling
pathway and reduces the level of pro-inflammatory cytokines, thereby improving DSS-
induced colitis symptom:s.

3.2.6. AhR Pathway

The AhR is transcription factor located in the cytoplasm. It can be activated by various
ligands derived from both exogenous and endogenous origins. After binding to the ligands,
the AhR complex enters the nucleus and causes the expression of the target genes [120].
The activation of AhR can induce IL-22 production, enhance enzyme metabolism, and
lead to suppression of immune response and promotion of mucosal healing. Previous
studies found that the expression levels of AhR and several AhR ligands were decreased in
inflamed colon tissues of IBD patients [121,122], indicating a potential role of AhR signaling
pathway in the development of IBD, which might act as a treating target for IBD. Several
recent studies have shown that traditional medicine derived SCFAs could improve colonic
inflammation by regulating the activity of AhR. For instance, in the DSS-induced colitis
model, administration of indigo had a role in preventing intestinal inflammation [123].
Using AhR deficient mice, the researchers showed that the effect of indigo was dependent
on the activation of AhR, which up-regulated the levels of the anti-inflammatory cytokines,
including IL-10 and IL-22. However, the exact target of the SCFAs in AhR signaling
pathway has not been identified. In the same line of evidence, Wang et al. [72] showed
that the level of AhR was significantly increased in colitis mice treated with BBR and CCP,
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which mediated the increased abundance of SCFA-producing bacteria. The later enhanced
the production of SCFAs in the gut and subsequently up-regulated the production and
activation of AhR and its downstream target molecule, CYP1A1l. Activated AhR and
CYP1A1 mediated IL-22 production to mitigate colonic inflammation. Thus, activating
AhR pathway is a critical mechanism employed by SCFAs to achieve the anti-colitis activity.

4. Limitations and Solutions

An increasing number of studies have provided evidence that numerous decoctions
or formulas in traditional medicine have promising therapeutic effects on colitis in animal
models, at least in part, by regulating the production of various SCFAs. While further
development and application of these medicines in clinical practice are still limited by
several challenges: (1) The exact ingredients or compounds that play the role of promoting
the production of SCFAs in a decoction/formula need to be identified since many unrelated
ingredients may enhance the toxicity of the effective compounds. (2) The SCFAs induced by
traditional medicine, or some compounds were generated by particular SCFA-producing
bacteria, and thus it is important to evaluate the relative efficacy of the compounds, SCFA-
producing bacteria, and the SCFAs, in in vivo studies, to determine the best approach
for drug delivery. (3) Elucidating the multifaceted molecular processes behind the anti-
inflammatory activity of SCFAs has been challenging because they may work with different
signaling compounds. Since the role of SCFAs is sometimes combinatorial, diverse, and
indirect, future research must explain its clinical treatment prospects. (4) After identification
of the effective components for promoting SCFAs, their efficacy and cytotoxicity also need
to be extensively evaluated in pre-clinical in vivo studies with multiple animal species.
(5) The current research mainly focuses on the regulation of intestinal microbial diversity,
structure, and abundance by traditional drugs, the potential mechanisms of action have
not been elucidated. (6) The quality of the traditional medicines, especially some herbs,
can be greatly affected by a variety of environmental factors, such as the temperature
and humidity. Therefore, the examination of the chemical ingredients of the traditional
medicines is necessary to guarantee the efficacy.

Given the beneficial effect of SCFAs described in numerous studies using many IBD
mouse models [124], it should be noted that SCFAs may also have a pro-inflammatory
effect [54]. Thus, it might be important to evaluate the status of the microenvironment
before the application of SCFAs or SCFA-producing bacteria in treating UC-associated
conditions. Future research must establish different standard animal models based on the
relationship between the therapeutic efficacy of traditional medicine and the structure,
composition, and action factors of SCFAs. In addition, it is important to further identify the
composition of the decoction and its immune effect on SCFAs, which is an important issue
in UC treatment research. The research work can provide a clinical basis for the applications
of different traditional drugs to treat different types of UC, meanwhile largely improving
the therapeutic efficacy of UC and achieving precision medicine. Additionally, integrated
applications of various state-of-the-art technologies such as single-cell sequencing, multi-
omics, computerized screening, microbiota interference, gene knockout techniques, and
multicolor immunofluorescence in in vitro and in vivo experiments might be helpful for
the identification of effective compounds in decoctions/formulas and the evaluation of the
efficacy and cytotoxicity of the ingredients of traditional medicines, as well as the relative
contributions of SCFAs. On this basis, a framework can be established for predicting and
identifying IBD biomarkers and targets of host-microbial interactions, as well as improving
the accuracy for clinical applications of the traditional medicines.

5. Conclusions

In this study, we summarized the major advances in the literature as to the roles of
many decoctions, formulas, or compounds derived from traditional medicine and the
medicines-triggered production of SCFAs in several animal models of colitis induced by
various chemicals such as DSS, TNBS, DNBS, and acetic acid. In general, the traditional
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medicines described in this study commonly trigger the alterations of the gut microbiota
of the animals, which show increased enrichment with SCFA-producing bacteria. The
latter produces a variety of SCFAs in the intestine, such as acetate, propionate, butyrate,
and valerate. These SCFAs in turn activate several receptors such as GPR41 and GPR43
to achieve their suppressive roles to many intracellular signaling pathways, including the
NEF-kB, AKT-STAT3, RORyT, NLRP3, and AhR signaling pathways. The altered activity
of these signaling pathways then suppresses colon inflammation and enhances intestinal
healing by regulating multiple biological processes, mainly including up-regulating the
expression of barrier-supporting proteins such as the tight junction proteins, mucin, AMPs,
and secretory IgAs to repair the intestinal mechanical barrier and the chemical barrier,
promoting the proliferation of multiple intestinal epithelial cells, suppressing the produc-
tion of ROS, inhibiting inflammatory responses in the colon, regulating colon motility,
and balancing the gut microbiota and related metabolites. Overall, the SCFAs induced by
various traditional medicines have provided an anti-colitis approach for the management
of UC by various mechanisms.

Current studies have revealed the important role of SCFAs in body metabolism and
the therapeutic potential for various related diseases. It is generally believed that SCFAs
exerts beneficial effects on the host, but in certain cases, excessive SCFAs will harm the host,
so the interaction between SCFAs and the host needs further research, which may promote
our understanding of the specific mechanisms of action in related diseases and more
effectively achieve personalized treatment. Moreover, the reduction of particular SCFA-
producing bacteria in gut microbiota may be helpful to identify different subtypes of UC.
The characteristic bacteria are likely to be used as diagnostic biomarkers for UC, suggesting
that the usage of herbal medicine-based plant drugs may be a promising strategy for UC
treatment via regulating intestinal microbiota [125]. Our study emphasizes the importance
of SCFAs in maintaining intestinal health and encourages a further extensive study of
traditional medicines that induce the production of SCFAs and regulate the enrichment of
SCFA-producing microflora in the context of colonic inflammation, which may facilitate
the development of new IBD therapies.
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