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Abstract: With the rapid development of gut microbiological research and high-throughput sequencing technology, we have 

gained a better understanding of the effects of the gut microbiota and its metabolites such as short-chain fatty acids (SCFAs) on 

the metabolism of hosts. This effect was found closely related with the consumed dietary fiber by hosts. Dietary fiber has been 

proven to be very important for hosts. However, hosts such as human, chickens and other monogastric animals cannot digest 

dietary fiber due to a lack of endogenous fiber-degrading enzymes; therefore, they must rely on gut microorganisms who own 

endogenous fiber-degrading enzymes such as carbohydrate-active enZymes (CAZymes) encoded by gene. Excellent 

fiber-degrading bacteria include members of Bacteroidetes phylum such as Bacteroides and Prevotella and members of 

Firmicutes phylum including Ruminococcus, Fibrobacter, Butyrivibrio, Ruminiclostridium and so on. These fiber-degrading 

bacteria degrade fiber into monosaccharides via different degrading mechanisms. For instance, Bacteroidetes degrade a dozen 

kinds of plant fiber using its unique arm-polysaccharide utilization locus (PUL). In contrast to Bacteroidetes, members of the 

Firmicutes use gram-positive PULs (gp PULs) to process fiber. Some members of the Firmicutes can degrade cellulose and 

hemicellulose through the cellulosome pathway. And then some oligosaccharides and glucose produced by dietary fiber 

degradation can be used as carbon and energy sources for microbial growth, thus increasing the diversity of microorganisms. 

Dietary fiber is the substrate of gut microorganisms. The left monosaccharides are fermented into short-chain fatty acids (SCFAs) 

by SCFA-producing bacteria including Bifidobacterium, Phascolarctobacterium, Faecalibacterium and so on via different 

pathways. SCFAs mainly include acetate, propionate and butyrate. SCFAs can further regulate the host's metabolism including 

energy metabolism, host appetite, liver metabolism and the glucose balance via SCFA receptors including GPR41 and GPR43 or 

other mechanisms. Therefore, gut microorganisms are also called our “second genome” or “forgotten organs”. In this paper, we 

provide an overview of the interactions among dietary fiber, gut microbiota, SCFAs and host metabolism. 
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1. Dietary Fiber and Gut Microbiota 

1.1. Dietary Fiber and Gut Microbial Diversity 

Gut microbial diversity is a hot topic in research on gut 

microorganisms, and it is also the focus of the Metahit and 

HMP projects [1, 2]. The decrease in food diversity is the main 

factor related to the decrease in gut microbial diversity for 

people in modern society [3]. The decrease in dietary fiber in 

food is another important factor. Research has shown that the 

gut microbial diversity of mice fed a low-fiber diet is lower 

than that of mice fed a high-fiber diet. Diversity loss 

intensifies and species become almost extinct in each 

subsequent generation of mice raised on a low-fiber diet [4]. 

Among the gut microorganisms lost in mice are Bacteroidetes 

species, which have an excellent ability to degrade fiber. This 

leads to the starvation of other microorganisms that cannot 

degrade fiber because they cannot share the monosaccharides 

produced from the degradation of fiber by Bacteroidetes [5]. 

Moreover, a severe loss of gut microorganisms will result in 
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chronic diseases in the host [6]. In the absence of dietary fiber, 

Bacteroides thetaiotaomicron and Bacteroides caccae degrade 

the mucus layer instead of dietary fiber to obtain a carbon 

source, resulting in a thinner mucus layer in the gut [7]. In 

contrast, the intestinal mucus layer of mice fed a fiber-rich 

diet is thicker, meaning that they are least likely to be infected 

by Citrobacter rodentium [7]. Similarly, a previous study 

found that the gut microbial diversity of the hunter-gatherer 

Haza people, who consume more fibrous plants, is 30% higher 

than that of the Italian urban population, who consume a 

low-fiber diet [8]. This highlights the fact that dietary fiber 

supplementation is necessary for the maintenance of gut 

microbial diversity. However, notably, monogastric animals 

must rely on fiber-degrading bacteria to degrade dietary fiber 

due to a lack endogenous fiber-degrading enzymes. 

1.2. Dietary Fiber and Fiber-Degrading Bacteria 

1.2.1. Bacteroidetes 

Bacteroidetes is the most abundant gram-negative bacteria 

phylum in the rumen and human large intestine. It is also the 

most well-known gut bacteria. Bacteroidetes species are 

“generalists” that degrade dietary fiber polysaccharides [9]. 

Excellent fiber-degradation Bacteroidetes bacteria include the 

Bacteroides and Prevotella genera. 

(i) Bacteroides 

Bacteroides is a typical genus of Bacteroidetes, which 

contains many excellent fiber-degrading species. Among them, 

Bacteroides caecigallinarum can hydrolyze dietary 

polysaccharides [10], and Bacteroides ovatus, Bacteroides 

fragilis, Bacteroides intestinalis, Bacteroides eggerthii, and 

Bacteroides uniformis [11]
 
can degrade xylan to xylose. 

Bacteroides thetaiotamicron is one of the best 

carbohydrate-degrading bacteria. It was the first member of 

Bacteroides to be genome sequenced. Its genome revealed that 

it is a highly adaptive saccharifying bacteria that can adjust 

more than one-quarter of its own genes to be in an active state 

to degrade polysaccharides [12]. B. thetaiotaimicron can 

degrade rhamnogalacturonan-II (RG-II), which is the most 

complex glycan known at present [13], and it can cleave 20 of 

the 21 different glycoside bonds in RG-II. It also targets 

α-mannoside in the host glycoprotein N-glycan [14]. B. 

thetaiotaimicron and B. ovatus can also release outer 

membrane vesicles (OMVs) containing glycoside hydrolases 

[15], which can degrade fructan and inulin remotely to support 

the growth of other Bacteroides species that cannot degrade 

these polysaccharides [16, 17]. The mutual benefits among 

gut microorganisms are very important for the maintenance of 

microbial diversity. 

(ii) Prevotella 

Prevotella is also an excellent fiber-degrading 

Bacteroidetes genus. It can produce xylanase to decompose 

plant fiber [18]. When fructooligosaccharides, sorghum, and 

corn arabinoxylans were provided as substrates, the total yield 

of short chain fatty acids of the Prevotella enterotype was 

found to be greater than those of the Bacteroides enterotype, 

which indicated that Prevotella has a stronger ability to utilize 

fiber [19]. Prevotella is prevalent in people who consume a 

fiber-rich diet [20]. The study concluded that compared with 

Italian children, who consume a low-fiber diet, African 

children, who consume a high-fiber diet, have unique 

Prevotella, Xylanibacter, and Treponema species. These 

bacteria contain genes that degrade cellulose and xylan, which 

can maximize the amount of energy obtained from plant 

polysaccharides [21]. Prevotella became the most diverse and 

dominant genus in the intestines of pigs when they were fed a 

solid diet [22]. 

1.2.2. Firmicutes 

In contrast with Bacteroidetes, Firmicutes species are 

regarded as “specialists” in fiber degradation. They act 

specifically on plant polysaccharides (starch and fructose) and 

oligosaccharides [23]. Among the members of Firmicutes, the 

Ruminococcus, Fibrobacter, Butyrivibrio, Clostridium and 

Roseburia genera are excellent fiber-degrading genera. 

(i) Ruminococcus 

The Ruminococcus genera includes the excellent 

cellulose-degrading species Ruminococcus albus and 

Ruminococcus flavefaciens. They can produce a lot of 

cellulase and hemicellulase to degrade fiber. Ruminococcus 

flavus can also degrade fiber through the cellulosome. 

(ii) Fibrobacter 

Fibrobacteres is a gram-negative, anaerobic, 

cellulose-degrading phylum. Its sole genus, Fibrobacter, is 

one of the most active and important cellulose-degrading 

bacteria [24]. The genome sequence of the representative 

strain Fibrobacter saccharogenes S85 highlights its 

specificity for cellulose degradation [25]. It was found that F. 

saccharogenes S85 could degrade more cellulose when 

co-cultured with Ruminococcus flavefaciens [26]. Fibrobacter 

saccharogenes was first isolated from the rumen by Hangate 

[27]. At present, Fibrobacter succinogenes and Fibrobacter 

intestinalis are the two well-described Fibrobacter species. 

(iii) Butyrivibrio 

Butyrivibrio fibrisolvens is a gram-positive species that can 

hydrolyze xylan in the rumen. It plays a key role in fiber 

digestion and can degrade hemicellulose and ferment it to 

produce pentose [28]. The genome of Butyrivibrio 

proteoclasticus B316T encodes a large number of 

polysaccharide-degrading enzymes, which can use 

hemicellulose (xylan), pectin, and other polysaccharides to 

produce butyrate [29]. Butyrivibrio can utilize pectin [30]. 

(iv) Ruminiclostridium 

Ruminiclostridium thermocellum can produce cellulosomes 

composed of cellulase and hemicellulase to rapidly hydrolyze 

cellulose substrates [31]. The three cellulase subunits of 

Ruminiclostridium josui include the full-length scaffold 

protein CIPA, endoglucan cellulase RjCel5B, and 

endoxylanase RjXyn10C. A gene cluster found in its genome 

encodes 11 proteins, which form cellulosomes [32]. 
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2. Mechanisms of Dietary Fiber 

Degradation by the Gut Microbiota 

2.1. Adhesion 

Adhesion to a substrate is the first stage in the degradation 

of plant-cell-wall polysaccharides by gut microorganisms. 

Bacteria usually enter digestible tissues from the pores or 

damaged parts of plant tissues and begin to degrade them from 

the inside to the outside. After adhesion, gut microorganisms 

form active digestive symbionts in the attached area, and 

nutrients are released with the degradation of the substrate. 

The molecular mechanism of major anaerobic gut 

microorganisms involved in substrate adhesion remains 

unclear, but it may involve different substrates, binding 

modules, and carbohydrates on glycoproteins in enzymes and 

structural proteins. In research on the cellulose degrading 

bacterium F. succinogenes, 13 kinds of cellulose proteins have 

been found [32]. 

2.2. Carbohydrate-Active enZymes (CAZymes) Released by 

the Gut Microbiota 

Usually, fiber-degrading bacteria degrade dietary fiber 

through Carbohydrate-Active enZymes (CAZymes) encoded 

by their genomes. The genome of members of Bacteroides 

encode an average of 137.1 CAZymes, so they can utilize a 

wide range of dietary polysaccharides from plants and 

complex carbohydrates from hosts, such as 

mucopolysaccharides [33]. In contrast, most members of the 

Firmicutes phylum encode an average of 39.6 

carbohydrate-active enzymes per genome [34]. Compared 

with the gut microbial genome, the human genome only 

encodes 97 glycoside hydrolases (GHs), and a maximum of 17 

of these 97 enzymes only degrade starch, sucrose, lactose, and 

other polysaccharides, but not dietary fiber polysaccharides 

[35] It is also amazing that no genes encoding for cellulosic or 

hemicellulosic digestive enzymes were found in the giant 

panda genome in a study conducted in 2010 [36]. 

CAZymes are divided into six families, including glycoside 

hydrolases (GHs), glycosyltransferases (GTs), polysaccharide 

lyases (PLs), carbohydrate esterases (CEs), carbohydrate 

binding modules (CBMs), and accessory module enzymes 

(AAs). Cellulase and xyloglucosase are mainly distributed in 

the GH5, GH6, GH9, and GH12 families [37]. Xylanases are 

limited to the GH10 and GH11 families, while pectinases are 

found in the GH28, GH88, PL1, and PL2 families. GH3 and 

GH43 mainly include β-glucosidase and β-xylosidase 

respectively. The GH13 family includes many α-glucosidases 

that degrade starch. 

Gut microorganisms break the main chain or complex sugar 

structure of sugars to obtain polysaccharide fiber using GHs. 

Because of the size and complexity of the substrate, bacterial 

GHs are usually produced extracellularly. GHs hydrolyze and 

cleave glycoside bonds, while PLs cleave complex 

carbohydrates through a β-cleavage mechanism [38]. 

Degradation of complex plant-cell-wall polysaccharides, such 

as xylan and pectin, usually requires the synergy of a large 

number of different glycosidases. For example, B. 

thetaiotaimicron encodes up to 25 separate enzymes to 

degrade the most complex glycan-rhamnogalacturonan-II 

(RG-II) [10]. Among them, nine enzymes are used to degrade 

the main chain of L-Rha-D-Galacturonic Acid (D-GalA), 

which contains only two glycoside bonds. The key 

degradation enzyme is polysaccharide lyase PL9, which is 

located on the cell surface [10]. 

Dietary fiber mainly includes cellulose, hemicellulose, and 

pectin. Most of the enzymes involved in the degradation of 

cellulose and hemicellulose belong to the GH family. Among 

them, cellulase is a multi-component enzyme system that can 

degrade cellulose into glucose, which is divided into 

endo-β-1,4-glucanase, exo-β-glucanase, and β-glucosidase. 

The mechanism of cellulose degradation by microbial 

cellulase is as follows: firstly, it specifically adsorbs cellulose 

through the cellulose binding domain (CBD). Then, 

endo-lucosidase hydrolyzes the β-1,4 glycoside bonds in 

cellulose molecules to produce many new chain ends. 

Exo-cellulase acts on the chain ends activated by the 

endo-enzymes and hydrolyzes the β-1,4 glycoside bonds in 

the chain to produce cellobiose. At last, β-glucosidase 

decomposes cellobiose into glucose. 

Hemicellulase is the general name for xylanase, 

xyloglucosanase, mannanase, arabinase and other enzymes. 

Xylan is the principal carbohydrate in hemicellulose and the 

second-largest structural polysaccharide found in nature. Due 

to its heterogeneity, complete hydrolysis of xylan requires 

different enzymes, including xylanase, β-xylosidase, 

α-glucuronidase, and α-L-arabinofuranosidase [10]. B. 

intestinalis can secrete a unique bifunctional 

endoxylanase/arabinofuranosidase which, in combination 

with other secretory enzymes, attacks the polysaccharide 

outside the cell to remove its side chain, exposes the xylan 

skeleton which is degraded into xylooligosaccharides and 

xylose, and then transports these products to the cell and 

degrades them into fermentable sugars by β-xylanase [24]. 

Lignin-degrading enzymes mainly include lignin 

peroxidase, manganese peroxidase, and laccase. 

2.3. The Unique Degradation Mechanism of Dietary Fiber 

by Bacteroidetes 

The abnormal ability of Bacteroidetes to degrade a dozen 

kinds of plant and host polysaccharides is due to its unique 

discrete gene cluster, called the polysaccharide utilization 

locus (PUL). PUL encodes carbohydrate/polysaccharide 

binding proteins, extracellular polysaccharide degrading 

enzymes, outer membrane transporters, hybrid 

two-component systems (HTCs) containing 

polysaccharide-sensing modules, and a series of GHs that 

degrade oligosaccharides into fermentable sugars in the 

cytosols of cells [25]. The PUL of Bacteroidetes encodes a 

large number of surface proteins [39]. Therefore, compared 

with Firmicutes, the range of substrates targeted by 

Bacteroidetes is greater, and polysaccharides are even more 

obvious, because these require extracellular hydrolysis before 

they are transported to the cytosol. 
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The presence of PUL has been confirmed in all 

Bacteroidetes members, including Bacteroides 

thetaiotaomicron and Bacteroides ovatus, which contribute 

about 18% of their genomes to these gene clusters [40, 12]. 

The genome of a Bacteroidetes species may contain dozens of 

different PULs. Each PUL can target a specific complex 

carbohydrate as its preferred carbon source. Recently, it was 

found that the degradation of pectin rhamnogalacturonan-I 

(RG-I) by Bacteroides thetaiotaomicron is accomplished 

through the cooperation of multiple PULs. Different PULs 

encode glycoside hydrolases in different families to 

depolymerize the RG-I skeleton and remove the pectin 

domain attached to RG-I [41]. 

The first PUL best described is the starch utilization system 

(Sus) of Bacteroides thetaiotaomicron [42]. After the starch 

utilization system PUL, many PUL have been named. The 

process of degradation of polysaccharides by the 

Bacteroidetes PUL system is similar to that of the starch 

utilization system (Sus). That is, extracellular complex 

polysaccharides are recognized and bound to by cell surface 

glycan binding proteins (SGBPs), such as the outer membrane 

lipoproteins (SusD-like, SusE-like and SusF-like) [43], and 

then cleaved into oligosaccharides by SusG-like glycoside 

hydrolase. These oligosaccharides are immediately 

transported to the periplasmic space by associated transporters 

in a TonB-dependent manner through the Sus-like channel 

[32]. They are then are degraded into monosaccharides by 

SusA-like and SusB-like enzymes, and the monosaccharides 

are taken up into the cytosol through the inner membrane. 

When recognizing an intermediate product in the process of 

polysaccharide decomposition, each PUL also encodes a 

regulator, which strictly controls the transcription of genes in 

the PUL. There are three types of PUL regulator: 

ECF-σ/anti-σ, the SusR type and HTCSS [44]. 

In 2014, researchers identified the degradation mechanism 

of xyloglucan by Bacteroides ovatus as being realized through 

xylan utilization loci (XyGULs) [45]. The XyGULs are 

expected to encode an outer membrane glycobinding protein 

(SusD-like), a TonB-dependent glycoreceptor/transporter 

(SusC-like), an inner membrane mixed bicomponent sensor, 

and eight GHs. Bacteroides ovatus cut xyloglucosan into short 

xyloglucan oligosaccharides (XyGOs) using extracellular 

xyloglucan endonuclease BoGH5A, and then XyGOs are 

transported to the periplasm. In the periplasm, α-xylosidase 

BoGH31A removes α (1,6)-xylose residues from the 

non-reducing end of XyGOs [45]. The XyGOs are then 

hydrolyzed by β-glucosidase and β-galactosidase. Finally, the 

monosaccharides are absorbed by the cytosol as nutrients or 

for energy. In 2017, researchers purified and published the 

first three-dimensional atomic structure of SusCD using X-ray 

crystallography and created a model of substrate transport 

[46]. 

2.4. The Unique Degradation Mechanism of Dietary Fiber 

by Firmicutes 

2.4.1. Gram-Positive PULs 

The degradation and transportation of dietary 

polysaccharides by Firmicutes is far less complex than that of 

Bacteroidetes, which is largely due to their lack of an outer 

membrane barrier. In contrast to Bacteroidetes, members of 

the Firmicutes phylum rarely rely on extracellular 

polysaccharide degradation but use a variety of transporters to 

introduce small sugars into cells for processing. For example, 

Bifidobacterium species rely on a set of carbohydrate 

transporters to transfer xylooligosaccharides into cells and 

then degrade them by the intracellular enzymes xylosidase and 

arabinosidase [47]. The transporters encoded by operons 

recognize the structures of polysaccharides, which include a 

regulatory protein, extracellular or intracellular enzymes, and 

one or more specialized transporters. 

Unlike PULs of gram-negative Bacteroidetes, Firmicutes 

species have gram-positive PULs (gp PULs) [48]. The gp 

PULs are similar to the glycan degradation system of PULs. 

The target substrate is bound by extracellular carbohydrate 

binding proteins, partially degraded by CAZymes, and then 

transferred into the cytosol through transporters for further 

depolymerization. The gp PULs encode a series of 

ATP-binding cassette (ABC) transporters, cation 

co-transporters, transporters from the major facilitators 

superfamily (MFS) and PEP phosphotransferase system (PTS), 

regulatory proteins, and CAZymes [48]. ABC transporters can 

transport ATPase on the bacterial plasma membrane. They use 

ATP hydrolysis to drive transport. It dimerizes by binding to 

ATP, depolymerizes after ATP hydrolysis, and transfers bound 

substrates such as glucose to the other side of the membrane 

through conformational changes. Moreover, it has an 

extracellular substrate binding protein that recognizes specific 

sugars. Lactobacillus acidophilus relies on ABC transporters 

to transport prebiotics [49]. The core apparatus that Roseburia 

Intestinalis utilizes xylan to produce glucose also includes an 

ABC transporter [48]. MFS, as a co-transporter, uses an ion 

gradient (usually H
+
 or Na

+
) to drive transport. The 

combination of the PTS system and facilitated diffusion 

phosphorylates the substrate as it enters, which increases the 

subsequent metabolic efficiency [50]. PTS transports a variety 

of monosaccharides and disaccharides, especially hexoses, 

such as glucose [51]. F. prausnitzii, a member of Firmicutes, is 

good at utilizing smaller carbohydrates. It has a PTS system 

for transporting glucose [50]. 

2.4.2. The Cellulosome 

Some members of the Firmicutes phylum, such as 

Ruminococcus flavus, also can degrade cellulose and 

hemicellulose through the cellulosome pathway. The 

cellulosome is a multienzyme complex composed of a variety 

of cellulases and hemicellulases produced by anaerobic 

cellulose-degrading bacteria through an anchoring adhesion 

mechanism [52]. It is a nanomachine for bacteria to degrade 

cellopolysaccharides and can efficiently degrade cellulose, 

hemicellulose, and other lignans. Cellulosomes are divided 

into domains and catalytic domains. One of the most 

important catalytic subunits in the domain is called the 

“scaffold protein”. The cohesin in the domain specifically 

binds to the dockerin on the catalytic domain, allowing it to 
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bind to carbohydrates and/or anchor the cell wall. The 

catalytic domain includes various cellulases, hemicelluloses, 

and pectinas that are necessary for the degradation of the plant 

cell wall. 

3. Dietary Fiber, Gut Microbiota and 

Short-Chain Fatty Acids 

The monosaccharides produced from the degradation of 

dietary fiber by fiber-degrading bacteria enter the cytosol and 

are then fermented into short-chain fatty acids (SCFAs) by 

SCFA-producing bacteria. SCFAs are also known as volatile 

fatty acids. They are organic fatty acids with 1-6 carbon atoms, 

mainly including acetate, propionate, butyrate, isobutyrate, 

isovalerate and valerate. Acetate, propionate, and butyrate 

account for about 90–95% of SCFAs. SCFAs mainly come 

from the digestion of carbohydrates such as dietary fiber by 

intestinal bacteria. Branched-chain fatty acids (BCFAs), such 

as isobutyrate and valerate, come from the decay of protein. 

When the microbial diversity is high and the diet contains a 

variety of complex carbohydrates, microorganisms can easily 

consume a relatively high proportion of complex 

carbohydrates. The consumption of a complex diet may lead 

to increases in various types of SCFA and an increase in the 

diversity of gut microbiota [16]. 

3.1. Production Pathway of SCFAs 

SCFA-producing bacteria produce SCFAs including acetate, 

propionate, butyrate and some branched-chain fatty acids 

(BCFAs) through different pathways. 

3.1.1. Acetate and Acetate-Producing Bacteria 

The gut microbiota usually produces acetate from pyruvate 

through acetyl-CoA or the Wood–Ljungdahl pathway [53]. 

Acetate is synthesized through two branches: (1) the C1 body 

branch reduces CO2 to formate; and (2) the carbon monoxide 

branch reduces CO2 to CO, and CO further combines with a 

methyl group to produce acetyl-CoA [54]. Researchers have 

found a new pathway of acetate synthesis [55]. Moreover, 

Bifidobacterium transforms monosaccharides into acetate and 

lactate through the “bifid-shunt” pathway [56]. 

Acetate-producing bacteria can produce acetate from H2, CO2, 

or formate and carbohydrates. 

3.1.2. Propionate and Propionate-Producing Bacteria 

Only a few bacteria use the acrylate pathway to produce 

propionate [57]. Most bacteria use the succinate–propionate 

pathway to convert succinate into malonyl-CoA, and then 

generate propionate [58] and more ATP. They can also 

generate propionate using deoxyhexose (such as fucose and 

rhamnose) as the substrate through the propylene–glycol 

pathway [58]. Propionate is finally converted into 

succinyl-CoA and enters the gluconeogenesis pathway 

through the tricarboxylic acid cycle. Succinyl-CoA is essential 

for the synthesis of lysine and methionine. Succinate can be 

used to produce propionate by Phascolarctobacterium 

faecium, Propionibacterium, Selenomonas, and Veillonella 

[59]. Propionibacterium mainly produces propionate, acetate, 

succinate, and CO2 [60]. 

3.1.3. Butyrate and Butyrate-Producing Bacteria 

The classic pathway of butyrate synthesis is the 

polymerization of two molecules of acetyl-CoA to 

acetoacetyl-CoA, which is transformed into butyryl-CoA 

through the intermediates L(+)-β-hydroxybutyryl-CoA and 

crotonyl-CoA. Crotonyl-CoA is subsequently transformed 

into butyrate through butyrate kinase or butyryl-CoA and 

acetate-CoA transferase [61]. Butyryl-CoA can also be 

converted into butyrate by the butyryl-CoA–acetate-CoA 

transferase pathway. Clostridium prausnitzii, Eubacterium 

recale, and Roseburia intestinalis all rely on the butyryl-CoA–

acetate-CoA transferase pathway to synthesize butyrate [62]. 

A metagenomic data analysis also showed that butyrate can be 

synthesized from proteins through the lysine pathway [63, 

64]. 

Many known butyrate-producing bacteria belong to 

Clostridium clusters IV and XIV in the Firmicutes phylum 

[65]. Clostridium cluster IV includes Ruminococcus and 

Faecalibacterium; Clostridium cluster XIV includes 

Eubacterium, Roseburia, Coprococcus [66], and Anaerostipes. 

There are two ways to produce butyrate: one is through the 

direct fermentation of glucose and other monosaccharides by 

bacteria; the other way is through the production of butyrate 

by lactate or acetate. This can be done by Anaerostipes cacca, 

Faecalibacterium prausnitzii [66], and Roseburia intestinalis 

[67], which can prevent the accumulation of lactate, thereby 

stabilizing the intestinal environment. Clostridium prausnitzii 

is one of the most abundant and important butyrate-producing 

bacteria in the gut microbiota of healthy people. It can ferment 

glucose into acetate and butyrate [68]. The number of 

Faecalibacterium species in the cecal microbiota of naked 

necked chickens reared on grassland and fed with commercial 

yeast cell wall prebiotics was shown to be considerably 

increased [69]. Roseburia, F. prausnitzii, and others can use 

acetate and lactate to produce butyrate [70]. 

3.1.4. Branched-Chain Fatty Acids (BCFAs) and 

BCFA-Producing Bacteria 

About 30% of fermented proteins are transformed into 

SCFAs, most of which are branched-chain fatty acids 

(BCFAs), with isobutyrate, isovalerate, and valerate 

accounting for 16–23% of these [71]. It was found that the 

abundance of Alistipes and Biliophila in people who eat a 

meat-containing diet is significantly higher compared with 

vegetarians [72]. A significant positive correlation was found 

between Alistipes and BCFAs-isobutyric acid. BCFAs are 

formed by the metabolism of branched-chain amino acids 

such as valine, leucine, and isoleucine [64]. It should be noted 

that harmful metabolites ammonia, amine, stink and indole are 

also produced in the process of protein decay. Branched 

BCFAs can promote growth factors related to 

cellulose-decomposing bacteria and cellulose digestibility in 

rumen [73], and valerate can significantly inhibit the growth 

of Clostridium difficile [74]. 
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3.2. SCFA Transport and Receptors 

There are two ways for SCFAs to be absorbed by the 

intestine: non-free SCFAs pass through the intestinal epithelial 

barrier through simple diffusion, while free SCFAs require the 

monocarboxylate transporter-1 (MCT-1) and sodium-coupled 

monocarboxylate transporter-1 (SMCT-1) for transport [75]. 

These SCFAs are bound by the specific G protein-coupled 

receptors (GPCRs) on the cell membrane. Because these 

receptors sense free fatty acids, they are also called free fatty 

acid receptors (FFARs). GPCRs of SCFAs include GPR43 

(now renamed FFA2) [76], GPR41 (renamed FFA3) [77], and 

GPR109A (also known as NIACR1). 

So far, studies on GPR41 and GPR43 have mainly focused 

on humans and mice. Researchers have also identified the 

SCFA receptors GPR41 and GPR43 in pig and rabbit genomes. 

These receptors are highly conserved among humans, cattle, 

mice, and other species. At present, it seems that there are no 

research reports on SCFA receptors in chickens. Although 

GPR41 and GPR43 show a 52% sequence similarity, they 

have different preferences for the lengths of SCFA ligands. 

Studies have found that GPR43 prefers acetate and propionate 

with shorter fatty chains, while GPR41 preferentially binds 

propionate, butyrate, and valerate [74], but this affinity varies 

among different species. 

4. SCFAs and Host Metabolism 

SCFAs enter the cells to produce the second messenger and 

initiate the intracellular signal transduction pathway. SCFAs 

regulate the physiological activities of the cell and affect the 

energy, appetite, and liver metabolism of the host through 

GPR41 or GPR43 signaling or inhibiting histone deacetylase 

(HDAC) [78]. 

4.1. SCFAs and Host Energy Metabolism 

4.1.1. Energy Supply 

Bacteroides thetaiotaomicron can ferment cellulose 

polysaccharides to produce SCFAs, which provides nutrients 

for mice. Mice without Bacteroides thetaiotaomicron need to 

eat 30% more food to reach the same weight [11]. Bacteria and 

their hosts obtain heat from indigestible polysaccharides. 

Chickens can obtain about 8% of their required energy from 

SCFAs, while ostriches have well-developed saccular ceca 

and obtain up to 76% of metabolizable energy from SCFAs 

[79, 80]. 

Acetate is the main way for the body to obtain energy from 

dietary fiber and it is the most important substrate for 

cholesterol synthesis. About 0.876 MJ/mol energy is supplied 

by acetate oxidation, and the total amount of energy supplied 

to the human body can reach 10% every day. Lowland gorillas 

get ~57% of their metabolizable energy from SCFAs [81]. 

Propionate is a classic gluconeogenic substrate [82]. It is 

mainly absorbed by the liver and generates glycogen through 

gluconeogenesis, with an energy value of 1.536 MJ/mol. 

Butyrate can be rapidly converted to acetate or oxidated to 

produce 2.194 MJ/mol of energy. It is the preferred raw 

material for colon cells [83]. About 95% of butyrate is 

absorbed into epithelial cells and rapidly oxidized into ketones 

for ATP synthesis, providing ~70% of energy required for 

normal colon epithelial cells [84] and promoting epithelial cell 

proliferation [85]. 

4.1.2. Energy Consumption 

SCFAs can also increase the oxygen consumption rate, and 

improve adaptive heat production and lipid oxidation. FFAR2 

and FFAR3 may play key roles in this process. FFAR2 

increases energy consumption and lipid oxidation by 

inhibiting fat accumulation and insulin signaling in adipose 

tissue. FFAR3 controls energy consumption by stimulating 

sympathetic nervous system activity [86]. 

4.2. SCFAs Regulate Host Appetite 

4.2.1. SCFAs Regulate Appetite via GLP-1 and PYY 

At first, it was thought that the anorexic activity of dietary 

fiber was mainly due to the swelling effect. Finally, 

researchers proved that this appetite suppressive effect is the 

result of SCFAs produced by the microbial fermentation of 

dietary fiber. SCFAs increase in the level of intestinal peptides 

involved in regulating food intake and energy balance, such as 

glucagon like peptide-1 (GLP-1) and peptide tyrosine-tyrosine 

(PYY), thus reducing the energy intake of the host [87, 88]. 

GLP-1 is an incretin hormone secreted by intestinal L cells, 

which is stimulated by food intake (especially carbohydrate 

and fat) and bile acid, acting on its receptor TGR5. Its main 

function is to enhance glucose-stimulated insulin secretion, 

reduce food intake, inhibit gastric emptying, and glucagon 

secretion [89]. PYY is also secreted by intestinal endocrine L 

cells. It is stimulated by food intake (mainly fats), and its 

action sites are in the gastrointestinal tract, pancreas, and 

central nervous system [90]. Its main function is to improve 

the body's sense of satiety, reduce food intake, and inhibit 

gastric emptying and intestinal movement. 

SCFAs are recognized by GPR41 and GPR43 receptors on 

intestinal endocrine L cells [90]. They stimulate the release of 

gastrointestinal hormones GLP-1 and PYY secreted by L cells 

[91, 92]. GLP-1 and PYY, in turn, regulate the activity of brain 

feeding centers of gut hormone receptors expressed in the 

arcuate nucleus (ARC), the nucleus of solitary tract (NTS), or 

vagus nerve endings [93], resulting in increased satiety and 

reduced energy intake [94]. 

Hypothalamic neurons, which regulate energy homeostasis, 

are the most deeply studied group [95]. They are located in the 

ARC of the hypothalamus and include neurons such as 

agouti-related protein (AGRP), neuropeptide Y (NPY), and 

proopiomelanocortin (POMC). These neurons contain the 

PYY receptor [96, 97], but only some POMC neurons have 

the GLP-1 receptor. GLP-1 [98] and PYY were injected into 

ARC, resulting in the amount of diet intake reduced. In 

contrast, direct injection of PYY into ARC inhibited food 

intake, decreased NPY expression, and increased the electrical 

activity of POMC neurons [99]. These data indicate that 

exogenous administration of GLP-1 and PYY can regulate 

food intake through POMC and/or AgRP/NPY neurons. 
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4.2.2. SCFAs Regulate Host Appetite Through a Central 

Mechanism 

SCFAs also regulate appetite through a central mechanism 

independent of hormones such as GLP-1. Studies have 

revealed that the fermentation of soluble inulin can produce 

more acetate in the colons of mice than non-fermentable 

cellulose. Acetate passes through the blood–brain barrier and 

is absorbed by the brain through the blood circulation. It 

increases the production of lactate and gabaergic by 

supporting glutamine-glutamic acid transcellular circulation, 

leading to an anorexia signal in the hypothalamic ARC [100]. 

However, some studies showed that acetate enters the brain 

through the blood–brain barrier, activates the 

parasympathetic nervous system, and then instructs islet 

β-cells to secrete a large amount of insulin. It promotes the 

transformation of glucose into fat in adipocytes, causing 

adipocytes to store more fat. At the same time, it also leads to 

the release of ghrelin in the stomach, thereby increasing the 

appetites of mice and making them obese [101]. 

4.3. SCFAs and Host Liver Metabolism 

Most of the propionate and acetate produced in the intestine 

is absorbed into the portal vein [102]. SCFAs entering the liver 

affect the metabolism of liver function. In the liver, acetate and 

butyrate can be directly used as substrates for fat synthesis, 

while propionate is the main substrate for gluconeogenesis. In 

addition, acetate and butyrate affect liver glucose and lipid 

metabolism [103]. Studies have shown that the addition of 

SCFAs to the diet can reduce the contents of triglycerides and 

cholesterol and the production of glucose in the livers of rats 

[104]. SCFAs decrease liver lipid accumulation by increasing 

the expression of peroxisome proliferator-activated receptor 

(PPARα) target genes involved in the oxidation, 

thermogenesis, and lipogenesis of volatile fatty acids. The 

mechanism by which acetate and butyrate improve glucose 

tolerance is a direct increase in the phosphorylation and 

activity of adenylate activated protein kinase (AMPK) in the 

liver through an increase in the AMP/ATP ratio and up 

regulation of the PPARα target gene, thus increasing the 

storage of liver glycogen and the oxygenation of fatty acids. 

These effects may be partly mediated by GPR41 and GPR43 

[105]. 

4.4. SCFAs Affect the Glucose Balance 

Studies have demonstrated that propionate and butyrate 

produced from dietary fiber activated intestinal 

gluconeogenesis (IGN) through a complementary mechanism 

[106]. Butyrate directly activates the expression of the IGN 

gene in intestinal epithelial cells through a cAMP-dependent 

mechanism, while propionate activates the expression of the 

IGN gene through the gut–brain neural circuit and FFAR3, 

thus regulating the glucose and energy balance. Furthermore, 

this makes the liver produce less glucose. 

5. Conclusions 

Dietary fiber is important for the host, but monogastric 

animals only rely on gut fiber-degrading bacteria can digest 

dietary fiber. Excellent fiber-degrading bacteria including 

Bacteroides, Prevotella, Ruminococcus, Fibrobacter and so 

on. They degrade fiber into monosaccharides via PUL or gp 

PULs degrading mechanisms. Some monosaccharides 

produced by dietary fiber degradation are used as carbon for 

the gut microbiota, thus increasing the diversity of gut 

microorganisms. Some monosaccharides are fermented into 

short-chain fatty acids (SCFAs) by SCFA-producing bacteria 

including Bifidobacterium, Phascolarctobacterium, 

Faecalibacterium and so on via SCFA receptors. Metabolites 

SCFAs further regulate the host's metabolism including 

energy metabolism, host appetite, liver metabolism and the 

glucose balance. The deep interactions among dietary fiber, 

gut microbiota, SCFAs and host metabolism need to be further 

explored. 
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