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Abstract: Chronic obstructive pulmonary disease (COPD) is a widespread socially significant disease.
The development of COPD involves the innate immune system. Interestingly, the regulation of the
innate lung immune system is related to the gut microbiota. This connection is due to the production
by gut microorganisms of short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate.
Nutritional disturbances and changes in the structure of the intestinal microbiota lead to a decrease in
SCFAs production and their effect on pulmonary immunity. The presence of a metabolic and immune
axis linking the lungs and gut plays an important role in the pathogenesis of COPD. In addition, the
nature of nutrition and SCFAs may participate in the development of the clinically heterogeneous
course of COPD.

Keywords: COPD; innate immune system; gut microbiota; short-chain fatty acids; nutritional sup-
port; phenotype

1. Introduction

Chronic obstructive pulmonary disease (COPD) is one of the most common respi-
ratory diseases of social significance [1]. It is an important cause of health care seeking,
hospitalizations, and disability [2,3]. Epidemiological studies show unfavorable trends in
the prevalence of COPD in many countries [4,5]. The urgency of the problem is also in-
creased by the fact that COPD is among the leading causes of death in the world. Moreover,
treatment and rehabilitation of patients remain an unsolved problem in many respects,
which requires new more detailed data on pathophysiological mechanisms of disease
development and on those parts of pathogenesis, which can be effectively influenced for
therapeutic purposes.

The development and progression of the disease is associated with exposure to tobacco
smoke components and exogenous aeropollutants [6–8]. Inflammation in the bronchial tree
is known to underlie the pathogenesis of COPD and is characterised by the involvement
of many cells, including macrophages and neutrophils [9]. Prolonged persistent inflam-
mation is associated with impaired immune mechanisms that provide a balance between
maintaining and resolving inflammation [10].

It is known that COPD is a disease characterized by both pulmonary and extrapul-
monary clinical heterogeneity [11,12]. Moreover, some features of the clinical picture and
phenotypes of COPD are related to nutrition. Body mass index (BMI) is considered as one
of the important markers in assessing the prognosis of COPD [13]. Lower body weight is
associated with a greater risk of adverse outcome, whereas excess body weight has an even
better prognosis [14]. This phenomenon has been called the “obesity paradox” [15–17]. The
course of COPD, in which higher energy requirements lead to loss of fat and muscle tissue,
is thought to be prognostically unfavorable [18,19]. The increased energy requirement
may be related both to respiration and to the maintenance of inflammation in the bronchi.
Dietary modification is considered an important tool that can improve the clinical course of
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COPD [20]. It is suggested that the nature of nutrition may be related to the pathophys-
iological mechanisms of COPD not only through the influence on energy and metabolic
processes, but also through the regulation of some immune mechanisms [21].

A growing body of evidence supports a metabolic and immune axis linking the gut
and lungs [22,23]. These links are bidirectional, and the gut microbiome is one of the central
links in this interaction. The gut is the site of localization of much of the commensal bacterial
mass [24,25]. This microbiome is metabolically active, participating in the production of
many substances, such as, short-chain fatty acids (SCFAs) [26]. Accumulating evidence
suggests that SCFAs can be considered as a leading link in the metabolic and immune
axis between the gut and lungs. Indeed, SCFAs exhibit a variety of functions in immune
defence, making them a potentially important target for clinical and experimental research.

Thus, the aim of this review is to discuss the putative role of SCFAs produced by intesti-
nal microbiota in innate lung immune defence and the pathogenesis of the heterogeneous
course of COPD.

2. Short-Chain Fatty Acids
2.1. Production of SCFAs

SCFAs are straight- or branched-chain fatty acids with less than six carbon atoms. The
most common SCFAs are acetate, propionate, and butyrate, which are produced by the
intestinal microbiota through anaerobic fermentation of non-digestible polysaccharides.
The rate of production, amount, and ratio of SCFAs depend on several factors, such as the
species structure and quantitative composition of the microbiota in the colon, the nature of
the substrate, and the time of its passage through the gut [27].

Substrates for SCFA formation are dietary fibers, including resistant starch, cellulose,
and pectin [28]. Dietary fibers that are not enzymatically processed by humans become
a substrate for the microbiota of the large intestine. The colon microbiota hydrolyze
undigested carbohydrates into oligosaccharides and then into monosaccharides, followed
by fermentation through glycolysis and the pentose phosphate pathway [29].

Acetate is the major SCFA in the colon, which is due to the widespread occurrence
of acetate production pathways among bacteria [30]. Acetate is formed from pyruvate via
acetyl-CoA or via the Wood-Ljungdahl pathway [29]. Butyrate is produced by condensation of
two acetyl-CoA molecules to form acetoacetyl-CoA followed by reduction to butyryl-CoA [31].
In this process, butyrate production is mediated by butyrate kinase. The other pathway of
butyrate formation, which uses acetate of exogenous origin, involves butyryl-CoA:acetate
CoA-transferase [29,32]. This variant involves coordination between acetate-producing and
butyrate-producing bacteria [33]. Propionate production can occur via the succinate pathway
or the acrylate pathway, in which lactate is reduced to propionate, and via the propanediol
pathway from deoxy sugars such as fucose and rhamnose (Figure 1) [29,31].
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Figure 1. Short-chain fatty acids formation pathways.

In addition to carbohydrates, SCFA formation in the gut can also occur through amino
acid metabolism [31]. Protein fermentation is associated with the formation of branched-
chain SCFAs. For example, isobutyrate, 2-methylbutyrate, and isovalerate can be formed
from branched-chain amino acids such as valine, isoleucine, and leucine [34]. In addition
to fatty acid formation, amino acid fermentation produces potentially harmful metabolites
such as phenolic and indole compounds, amines, and ammonia [31,34,35].

2.2. SCFAs Transport

SCFAs are found in the largest concentrations in the large intestine, ranging from
about 70 to 130 mmol/kg [36,37]. Acetate, propionate, and butyrate are found in the colon
in a molar ratio of approximately 57:22:21 [29,37]. SCFAs enter the systemic bloodstream
via passive diffusion or involving specific transporters, such as the monocarboxylate
transporter 1 (MCT1) and sodium-linked monocarboxylate transporter 1 (SMCT1) [28].
SCFAs are transported through the colonocytes, where most of the butyrate produced
is used as the main energy source [38]. Colonocytes can obtain up to 60–70% of their
energy from SCFA by β-oxidation and metabolism in the tricarboxylic acid cycle (TCA
cycle) [28,29,39,40]. The remaining SCFA fractions enter the portal bloodstream through
the basolateral membrane. In the portal vein, the ratio of acetate, propionate, and butyrate
is approximately 69:23:8 [29]. In turn, propionate, passing through the portal vein, is
metabolized in the liver, where it can be used for gluconeogenesis [41,42]. Because of
these processes, acetate is the most common SCFA, as most of it enters the systemic
bloodstream. As a result, plasma concentrations of acetate, propionate, and butyrate are
approximately 25–250 µmol/l, 1.4–13.4 µmol/l, and 0.5–14.2 µmol/l, respectively [37,43].
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The higher plasma levels of acetate are also related to the fact that acetate may not only be
of intestinal origin. It can be produced by fatty acid oxidation and amino acid metabolism,
by ketogenesis in hepatocytes, and by ethanol oxidation by microsomal cytochrome P450
enzymes [43–46].

2.3. SCFAs Signal Transduction

SCFAs are thought to exert their action by interacting with the G-protein-coupled
receptors GPR43 and GPR41, also known as free fatty acid receptor (FFA)2 and FFA3, re-
spectively [47–50]. SCFAs differ in their selectivity in activating FFA2 and FFA3 receptors. It
has been shown that FFA2 is activated to a greater extent by fatty acids with a shorter chain,
whereas FFA3 is characterized by an inverse relationship [51]. In particular, this dependence
on the number of carbon atoms for FFA2 can be represented as C2 = C3 > C4 > C5 = C1,
and for FFA3 as follows: C3 = C4 = C5 > C2 = C1 [52]. GPR43 is expressed in immune cells,
including neutrophils, monocytes, and lymphocytes [47–49,53].

Other receptors for SCFAs are GPR109a, which is also known as HCA2 and olfac-
tory receptor 78 (Olfr78) [54–56]. The GPR109A receptor is expressed predominantly on
adipocytes as well as in immune cells such as neutrophils and macrophages [57,58]. Bu-
tyrate slightly activates GPR109A, whereas propionate and acetate do not activate the
receptor [59].

In addition to binding to the described receptors, SCFAs exert their action through
the inhibition of histone deacetylase (HDAC). Histone acetylation is an important mecha-
nism for controlling gene transcription. During this process, acetyl groups are added to
histone tails by histone acetyltransferases (HATs) and removed by (HDACs). HDACs are
a class of enzymes that inhibit transcription through the removal of acetyl groups from
chromatin [47,60]. Butyrate, being the strongest HDAC inhibitor, alters the expression of
many genes with different functions [61,62]. Through HDAC inhibition, SCFAs are involved
in the regulation of many cellular functions, including migration and survival [47,63–66].

2.4. Participation of SCFAs in the Regulation of Metabolic and Immune processes

A growing body of evidence strengthens the understanding of the importance of
SCFAs in the regulation of some metabolic and immune processes (Figure 2). Through
HDAC3 inhibition, butyrate can induce a metabolic switch of macrophages toward an
anti-inflammatory M2 phenotype [67,68]. These metabolic and immunological changes
in macrophages are in many ways opposite to the well-known proinflammatory M1 acti-
vation of macrophages induced by lipopolysaccharide (LPS) stimulation [69]. In the M1
phenotype, macrophages are known to rely primarily on glycolysis as an energy source,
which has similarities to the Warburg effect that is characteristic of tumor cells [70]. Al-
though glycolysis is a less efficient energy source, its volume can be rapidly increased,
which can rapidly provide energy for the cell. Macrophages differentiated in the presence
of butyrate show decreased glycolysis, increased adenosine monophosphate (AMP), in-
creased AMP kinase (AMPK) phosphorylation, and inhibition of the mammalian target of
rapamycin (mTOR) [43]. mTOR is a known positive regulator of several enzymes involved
in glycolysis, including hexokinase II, glyceraldehyde 3-phosphate dehydrogenase and
lactate dehydrogenase-B [71,72]. Inhibition of mTOR may explain the decrease in glycoly-
sis in macrophages that were differentiated in the presence of butyrate [73]. In addition,
butyrate-treated macrophages showed an increase in ribulose 5-phosphate, which against
the background of decreased intracellular glucose levels indicates an increased flux into the
pentose-phosphate pathway, which may contribute to NADPH formation [73]. This effect
on cellular metabolism is of particular interest. Thus, by altering metabolic programming in
alveolar macrophages, SCFAs may be involved in the regulation of lung immune tone [74].
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In addition, by influencing metabolic pathways such as glycolysis enhancement and
OXPHOS activity, SCFAs can participate in CD8+ T-cell activation [75]. By influencing
cellular metabolism, butyrate has also been shown to promote memory potential in acti-
vated CD8+ T cells [76]. These data indicate the involvement of SCFAs in the regulation of
distinct parts of both innate and adaptive immunity.

Interestingly, butyrate can act differentially in its effect on cellular metabolism. Bu-
tyrate can stimulate the proliferation of normal colonocytes while inhibiting the prolif-
eration of cancerous colonocytes, which are characterized by the Warburg effect in their
metabolism. This differential effect is known as the “butyrate paradox” [77]. This effect
is due to the fact that butyrate can act as an HDAC inhibitor in cancer cells but as a HAT
activator in normal cells.

Macrophages differentiated in the presence of butyrate show increased antimicro-
bial activity. This is due to the inhibition of histone deacetylase 3 (HDAC3), a shift in
macrophage metabolism, decreased mTOR kinase activity, increased LC3-associated host
defense and antimicrobial peptide production [73]. The anti-inflammatory effects of bu-
tyrate have also been linked to inhibition of the NF-kB signaling pathway as well as
production by mononuclear cells and neutrophils of anti-inflammatory cytokines such as
IL-10 [62,68,78,79]. In addition to neutrophils, butyrate stimulates the production of IL-10
and inhibits the production of IL -12 and interferon-γ (IFN-γ) by dendritic cells [80].

Another HDAC-related effect of butyrate is the inhibition of nitric oxide (NO) pro-
duction (via inducible nitric oxide synthase (iNOS)) and proinflammatory cytokines (inter-
leukin (IL)-6, IL-12, IL-1β) induced by LPS [68,79,81]. At the same time, low (0.5–2.5 mM)
SCFAs concentrations increased and high (25–50 mM) concentrations decreased iNOS ex-
pression in the experiment [82]. Propionate and butyrate were also shown to reduce tumor
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necrosis factor alpha (TNF-α), cytokine-induced neutrophil chemoattractant-2 (CINC-2αβ),
and NO production by LPS-stimulated neutrophils [78]. In addition to cytokines, the
anti-inflammatory ability of SCFAs may also be related to the regulation of prostaglandin
E2 (PGE2) production [83].

SCFAs such as acetate, propionate, and butyrate increased neutrophil migration by
increasing L-selectin expression on neutrophils and releasing CINC-2 alphabeta [84]. At
the same time, it has been shown that SCFAs can reduce excessive airway infiltration by
neutrophils by reducing levels of C-X-C Motif Chemokine Ligand 1 (CXCL1) produced by
lung monocytes and macrophages [75].

SCFAs are involved in regulating the differentiation, recruitment, and activation of
neutrophils, dendritic cells, macrophages, and monocytes, as well as T cells [43,54]. Butyrate
can affect the differentiation of dendritic cells derived from human monocytes by keeping
dendritic cells in a stable, immature stage [80]. SCFAs inhibit the maturation of monocytes,
macrophages, and dendritic cells by altering their ability to capture antigens and reducing
their ability to produce proinflammatory cytokines such as IL-12 and TNF-α [43,54,62].

SCFAs are also involved in the regulation of inflammation in endothelial cells. Butyrate
inhibited TNF-α-induced activation of NF-kB and enhanced the expression of peroxisome
proliferator-activated receptor alpha (PPARα) in HUVECs [85]. In addition, butyrate
reduced TNF-α-induced expression of vascular cell adhesion molecule 1 (VCAM-1) and
Inter-Cellular Adhesion Molecule 1 (ICAM-1) mRNA in these cells [85]. In turn, propionate
could also reduce cytokine-induced VCAM-1 and ICAM-1 expression by inhibiting NF-kB
activation [86]. In another study, butyrate was shown to increase ICAM-1 and E-selectin
expression in vascular endothelium, with a time-dependent effect [87]. It should be noted
that ICAM-1 may play an important role in the pathogenesis of emphysema [88]. ICAM-1
is involved in the transendothelial migration of neutrophils during inflammation [89,90].
In this case, higher soluble ICAM-1 was associated with a more rapid progression of
emphysema [88].

Thus, SCFAs have anti-inflammatory and immunomodulatory effects [91]. Other evi-
dence suggests that SCFAs can have not only anti-inflammatory but also pro-inflammatory
effects on lung cells, which depends on the concentration of SCFAs and the type of cells
studied [92]. Interestingly, however, elevated concentrations of SCFAs can induce the
release of interleukin IL-8, IL-6, and IL-1β either alone or in combination with toll-like
receptor ligands TLR2 and TLR7 [93].

Thus, the accumulated data to date allow SCFAs to be considered as either pro- or
anti-inflammatory molecules, depending on cell type as well as on conditions [54]. These
and other data have strengthened the understanding of the importance of nutrition in
the pathogenesis of COPD, which is based on chronic inflammation characterized by an
imbalance between pro- and anti-inflammatory mechanisms.

3. Relationship between Gut Microbiota, Diet and Short-Chain Fatty Acid Production

The intestinal microbial community is characterized by considerable diversity, which
depends on many external and internal factors, including age and dietary habits. The
intestinal microbiota is involved in maintaining the tone of the immune system. Studies in
mice, show that a lack of microbiota causes developmental defects in many body systems,
including the immune system [94].

Bacteroidetes (such as Bacteroides and Prevotella) and Firmicutes (such as Lactobacil-
lus, Enterococcus, Clostridium and Bacillus) are thought to be common bacteria in the
adult gut, whereas Actinobacteria (such as Bifidobacterium) and Proteobacteria (such as
Escherichia) are lower [95]. Most Westerners are carriers of high levels of Bacteroides,
whereas Prevotella is more common in non-Westerners who consume a plant-rich diet [96].

Bacteroidetes and Firmicutes are mainly localized in the proximal colon and are
involved in SCFAs production [97–99]. And members of the Bacteroidetes type mainly
produce acetate and propionate, while the Firmicutes type produces butyrate [29,100,101].
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Given the emerging close relationship between the gut microbiome and lung function,
there is increasing evidence of possible abnormalities in gut microflora structure in smoking
and COPD [102–105]. Smokers have a higher proportion of Bacteroidetes and Prevotella
and a lower proportion of Firmicutes and Proteobacteria in the gut microbiota compared
to nonsmokers [106,107]. In another study, it was shown that stopping smoking led to an
increase in microbial diversity and a significant change in gut microbial composition. At the
phylum level, Firmicutes and Actinobacteria increased and the proportion of Bacteroidetes
and Proteobacteria decreased [105].

In turn, chronic exposure to inhaled particulate matter, which is another important
risk factor for COPD, causes gut dysbacteriosis and metabolic disorders in an experimental
model in rats [108]. Chronic exposure to particulate matter for 24 weeks induced COPD-like
pathological changes and lung inflammation in rats, which were accompanied by decreased
abundance and diversity of the gut microbiota and decreased levels of SCFAs [108].

The species diversity of gut microflora and the number of Bacteroides and Bifidobac-
teria decreases in the elderly [109,110]. In addition, patients with chronic diseases have
changes in gut microflora with an increase in a number of harmful bacteria [111].

Overweight and obesity were associated with a change in the ratio of individual
SCFAs in favor of propionate [112]. This was consistent with a higher proportion of
Bacteroidetes in the total gut bacterial structure in overweight and obese individuals than
in lean volunteers [112]. At the same time, the total SCFAs concentration in fecal samples
was more than 20% higher in obese than in lean volunteers [112]. In contrast, other studies
have shown a reduction in the Bacteroidetes community in obese patients [113,114].

The gut microbiota is closely related to dietary habits. A comparative study of dietary
patterns in African and European children showed that a diet high in fiber and low in animal
protein was associated with a significant enrichment of Actinobacteria and Bacteroidetes
and less Firmicutes and Proteobacteria. This corresponded to a greater production of
short-chain fatty acids due to bacterial fermentation of plant fibers [115].

It should be noted that there are connections between the dietary precursors of SCFAs
as well as the composition of plasma SCFAs [116–118]. This may be due to the fact that
different compositions of the gut microflora may differentially utilize various sources of
fermentable fiber.

A diet rich in protein has a significant effect on SCFAs production. High-protein and
moderate-carbohydrate and high-protein and low-carbohydrate diets have been shown to
increase the proportion of branched-chain fatty acids and the concentration of phenylacetic
acid and N-nitroso compounds after four weeks. The high-protein and low-carbohydrate
diet also decreased the proportion of butyrate in short-chain fatty acid concentrations in
feces [119]. This seems important given the need for nutritional support in COPD due to
the skeletal muscle hypotrophy that accompanies this reduction in physical activity.

A high-fat diet has been shown to reduce the number of Bacteroidetes [120–122]. The
fecal microbiota of vegans was enriched for Verrucomicrobia phyla, while it was reduced
for Proteobacteria phyla and lactic acid bacteria. And the vegan group had lower amounts
of branched-chain fatty acids, such as iso-valerate and iso-butyrate, as well as acetate and
propionate [97].

In turn, the consumption of vegetables, fruits, whole-grain cereals, and oily fish may
help protect against worsening lung function in adults, especially in male smokers and
COPD patients [123]. Among men, high fiber intake has been shown to be inversely related
to the incidence of COPD in both current and former smokers [124]. In addition, the
decrease in COPD incidence among men, both smokers and ex-smokers, was associated
with high fruit and vegetable intake [125]. Interestingly, the reduced risk of COPD in
women was associated with a prolonged consumption of fruit only, not vegetables [126]. It
should be noted that these studies do not take into account the contribution of individual
food components and micronutrients in providing these connections.

Thus, the nature of nutrition may influence not only the structure of the gut microbiota
but also the production of SCFAs, potentially affecting immune regulation, which is impor-
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tant in COPD. This reinforces the importance of additional studies that could improve the
understanding of the role of SCFAs in the pathogenesis of COPD. In addition, an important
focus of future research should be to investigate the causal relationship between diet, gut
microbiome structure, SCFAs production, and COPD progression.

4. Clinical Significance of Short-Chain Fatty Acids in the Pathogenesis of COPD

The presence of SCFAs in the sputum confirms the connection between the lungs
and the intestine [82]. SCFAs are thought to contribute to the maintenance of lung im-
munometabolic tone [74]. As already noted, SCFAs can act on various parts of the innate
immune defenses of the lungs. In addition to the described anti-inflammatory effects, the
protective role of butyrate and propionate may include the restoration and maintenance
of the barrier function of damaged airway epithelium by increasing the expression of
ZO-1 dense contact proteins [127]. This seems important given the development of airway
epithelial barrier dysfunction and impaired tight cell contacts in smoking and COPD [128].
In this regard, the regulation of barrier function under the influence of SCFAs may have
some clinical significance [127].

The results showed differences in the composition of the gut microbiome in COPD and
in healthy individuals. This is consistent with lower overall levels of SCFAs in the stage
III-IV COPD group than in patients with stage I-II COPD and in healthy individuals [129].
Experimental data indicate that transplantation of fecal microbiota to mice led to inflamma-
tion in the lungs and increased IL-1β and TNF-α in plasma. At the same time, additional
exposure to smoke from the biomass led to an accelerated decrease in lung function, em-
physematous changes, airway remodeling, and mucus hypersecretion. These changes were
accompanied by higher levels of claudin 1, α smooth-muscle actin (α-SMA), neutrophil
elastase (NE) and matrix metalloproteinase 2 (MMP-2), and MUC5AC. In addition, gut
microbiota obtained from stage III-IV COPD patients decreased body weight in recipient
mice [129]. It should be noted that another recent study did not show an association of gut
microbial diversity with the severity of COPD [130].

Thus, SCFAs are an important part of the immunological axis linking the gut micro-
biota and the lungs, which has implications in the pathogenesis of COPD (Figure 3). In
another study, patients with COPD with a stable moderately severe course of the disease
had increased the total concentration of SCFAs in exhaled breath condensate [131]. An-
other study involving 38 COPD patients showed a decrease in acetate and an increase in
the relative content of propionate, butyrate and branched-chain SCFAs in sputum and
feces [132].
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neous course of COPD.

Patients with asthma showed a significant decrease in the total content of SCFAs in
the feces, changes in the absolute concentrations of individual acids: acetate, propionate,
butyrate, and changes in the total content of short-chain branched-chain fatty acids were
also detected [133]. Different variations in the composition of SCFAs were shown, but
changes in the metabolic profile were independent of the disease phenotype [133].

These and other data suggest that SCFA levels may be related to the pathogenesis of
COPD, but the details of these relationships require clarification.

5. Clinical Significance of Short-Chain Fatty Acids in the Pathogenesis of COPD

COPD is a chronic respiratory disease characterized by progressive airflow
limitation [134]. The rate of decline in lung function is individual and can vary widely
from person to person. It should be noted that individual trajectory of COPD progression
includes not only airflow limitation [135–137]. It is of great interest to phenotype patients
according to the peculiarities of the clinical picture [138,139]. It should be noted that, to
date, discussions about COPD phenotypes have not led to a generally accepted understand-
ing of clinical variants, the separation of which would help to improve approaches to the
management of patients [140,141].

The concept of COPD phenotypes has deep historical roots and goes back to the
recognition of the two main components of the disease, such as emphysema and chronic
bronchitis. They were described long before the term COPD itself appeared and were well
known to clinicians.

5.1. Role of Short-Chain Fatty Acids in the Development of Emphysema

Emphysema is an important clinical phenotype of COPD. Numerous studies are de-
voted to the analysis of pathogenetic mechanisms of its development, among which of
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interest are the works studying the relationship of emphysema with nutrition. It is impor-
tant to know about the development of emphysema during prolonged starvation, which
was shown in the study of Warsaw ghetto prisoners, as well as observations in patients
with anorexia nervosa [142,143]. These data, reinforced by experimental animal models,
confirmed the link between nutrient deficiency and alveolar tissue destruction that leads to
emphysema [144]. There are various explanations that justify these connections. Interest-
ingly, anorexia nervosa is characterized by a decrease in intestinal microbial diversity, which
is associated with the production of SCFAs, including butyrate and propionate [145,146].

A high-fiber diet has been shown to help prevent the progression of emphysema
caused by cigarette smoke exposure. This is because a high-fiber diet changes the composi-
tion of the gut microbial community, resulting in increased production of SCFAs (acetate,
propionate, and butyrate). SCFAs attenuated the pathological changes associated with the
progression of emphysema and influenced the inflammatory response caused by cigarette
smoke exposure [147]. Mice with emphysema that received fermentable fiber (pectin) were
shown to have less inflammation than mice with emphysema that received nonfermentable
fiber such as cellulose. This corresponded to lower concentrations of acetate, propionate,
and butyrate in the emphysema group compared with the other groups. At the same time,
macrophage and neutrophil counts were lower in the high fiber (cellulose and pectin) group
than in the emphysema group [147]. In addition, inflammatory cytokine levels were lower
in the high-fiber (cellulose and pectin) diet. In another study, butyrate was shown to reduce
hypoxia-induced accumulation of alveolar (mainly CD68+) and interstitial (CD68+ and
CD163+) macrophages in rat lungs [148].

The key events leading to emphysema are considered to be interalveolar septal avascu-
larization, which is associated with the apoptosis of endothelial cells and alveolar epithelial
cells [149]. In this regard, the information about butyrate participation in endothelial cell
function is of interest. The anti-inflammatory properties of butyrate are in part related to its
effect on the activation of NF-kB and PPARalpha and the associated expression of VCAM-1
and ICAM-1 [85,148]. In addition, butyrate inhibited the activation of endothelial NRLP3
inflammasome in endothelial cells [150]. Butyrate has also been shown to be involved in
the inhibition of angiogenesis through HIF-1α as well as through the inhibition of vascular
endothelial growth factor (VEGF) and cyclooxygenase-2 (COX-2) [148,151,152]. Butyrate
has also been shown to enhance the expression of tight junction proteins in pulmonary
microvascular endothelial cells, affecting endothelial barrier function [148].

The effects of butyrate in endothelial cells are also related to NO production [153].
It has been shown that butyrate and acetate, can improve AngII-induced endothelial
dysfunction through increased NO bioavailability [154]. The reduction of reactive oxygen
species (ROS) levels in the vascular wall and the subsequent prevention of NO inactivation
represent a key mechanism through which SCFAs act on endothelial function [154]. These
findings are of interest given the frequent association of COPD with atherosclerosis.

Thus, the production of SCFAs by the intestinal microbiota may be one possible mech-
anism in the prevention of emphysema. It was found that a serum peptide-based enteral
diet can suppress elastase-induced emphysema in mice by altering SCFAs levels in the
cecum [155]. Modulation of the gut microbiota by prebiotics and transplantation of fecal
microbiota from a high-fiber diet altered the composition of the gut microbiota, attenu-
ating smoking-induced emphysema [156]. This was associated with a decrease in local
and systemic inflammation through production of SCFAs, which protect against alveolar
destruction and cellular apoptosis. The levels of IL-6 and IFN-γ in bronchoalveolar lavage
fluid (BALF) were lowest in the high-fiber diet group, and the local concentration of SCFAs
was markedly higher in mice with emphysema following fecal microbiota transplantation
and the high-fiber diet than in mice with emphysema [156]. And the high-fiber diet had a
more protective effect against emphysema than the high-protein diet [156].

Experimental data showed that Firmicutes species were most dominant in samples
from the feces of emphysematous mice. Transplantation of fecal microbiota from a high-
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fiber diet resulted in increased abundance of Bacteroides phylum, decreasing the Firmi-
cutes/Bacteroides ratio [156].

Thus, the development of emphysema, a key phenotype of COPD, may to some extent
be related to the role of SCFAs in the maintenance of lung immune function. It should
be noted that the pathophysiology of emphysema includes many known mechanisms
unrelated to SCFAs, many of whose links are currently the subject of research. That said,
the possible role of SCFAs in the pathophysiology of emphysema in COPD is a promising
area for future research that could provide answers to some questions related to the clinical
efficacy of nutritional support for patients.

5.2. Role of Short-Chain Fatty Acids in COPD Exacerbations

An important characteristic of the natural course of COPD is the frequency and severity
of exacerbations. COPD exacerbations make a significant contribution to the clinical picture
of COPD. The results of numerous studies suggest that the frequency of exacerbations is
associated with a more rapid decrease in FEV1 and an unfavorable prognosis [157–159].
Given these facts, some authors propose to consider high exacerbation frequency as a
separate phenotype [158,160,161]. Infectious exacerbations of COPD are associated with
disturbances in the structure of microbiota in the bronchi [162]. Colonization of the bronchi
by microorganisms is necessary to maintain the immunological tone of the lungs. The
available data suggest certain links between the intestinal and lung microbiome [163].
The respiratory tract microbiome can be supplemented with microorganisms from the
gastrointestinal tract, which is important.

It is important to note that diet can affect not only the gut microflora, but also the
respiratory tract microbiota [163,164]. SCFAs can have a direct effect on microorganisms as
well as affecting their virulence [165]. Interestingly, high concentrations of SCFAs caused
significant inhibition of Pseudomonas aeruginosa growth, which was enhanced at lower pH.
At the same time, low concentrations of SCFAs resulted in enhanced bacterial growth [82].
Meanwhile, the administration of prebiotics in the form of oligosaccharides can modu-
late the immune and inflammatory response and outcome of pulmonary Pseudomonas
aeruginosa infection in C57BL/6 mice through effects on the gut microbiota [166].

In addition, the structure of the gut and lung microbiota was shown to be dynamic,
with changes associated with exacerbations. [167]. COPD exacerbations were characterized
by a decrease in the relative content of Firmicutes and Actinobacteria, and an increase in
Bacteroidetes and Proteobacteria compared with stable COPD and nonsmokers [168].

It should be noted that antibiotic therapy used to treat COPD exacerbations can have
a serious impact on the structure of the gut microbiome and have long-term implications
for metabolic and immunologic health [169]. In addition, macrolide use in childhood has
also been shown to be associated with long-term changes in gut microbiota composition and
function. These changes are associated with metabolic disease and obesity, and may also affect
the development of the immune system, leading to respiratory hypersensitivity [169,170].

5.3. Role of Short-Chain Fatty Acids in the Decline of Lung Function

The rate at which lung function decreases is important in assessing the prognosis of
patients with COPD. Given that bronchial obstruction is irreversible, progressive decline
in lung function is associated with multiple systemic effects and the increased severity of
comorbid conditions. Rapid progressive decline in lung function in COPD is suggested
by some authors to be a separate phenotype, given its relationship with the prognosis of
the disease. Moreover, the rate of decline in lung function is associated with many factors,
including the frequency of exacerbations. Interestingly, nutrition can also influence lung
function. The high intake of sweets, oils, fat, and coffee has been shown to be negatively
associated with lung function, including FEV1/FVC, and has been associated with an
increased prevalence of COPD in men [20,171–174]. In contrast, high intake of fruits and
vegetables, fatty fish, and low-fat foods was negatively associated with a diagnosis of
COPD [175–177].
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Interestingly, however, the rate of decline in lung function may be related to impaired
biodiversity of the gut microflora. It has been shown that a rate of decrease in FEV1 of
more than 40 mL/year corresponded to a greater decrease in bacterial diversity in the
gut [178]. In a one-year follow-up, it was shown that at the phylum level, Firmicutes were
more abundant in the group with decreased lung function, whereas Bacteroidetes were
more abundant when lung function was virtually unreduced [178]. This corresponded to a
more unstable gut microbiota in the reduced group than in the control group. The relative
abundance of Prevotella was also shown to decrease after 1 year in the reduction group,
which may indicate a subtype of COPD in which Prevotella abundance may be related to
the rate of decline in lung function [178]. It has been previously noted that Prevotella may
be associated with inflammatory disease [96].

Another study showed a link between differences in the bacterial community structure
of the gut and sensitization to aeroallergens and lung function (FEV1) in asthma [179].
These data are of interest given the presence of a Asthma-COPD overlap syndrome (ACOS),
which is important because it has some diagnostic difficulties in real clinical practice.
Consumption of a single dose of soluble fiber (3.5 g of inulin) in patients with asthma was
shown to result in a significant reduction in airway inflammation and improvement in
lung function (FEV1 and FEV1/FVC). This effect was characterized by a decrease in the
total number of sputum cells, including neutrophils, macrophages, and lymphocytes, and
a decrease in IL-8 in sputum and exhaled NO. This was consistent with the significantly
increased expression of GPR41 and GPR43 genes in sputum cells [180].

Increased circulating levels of SCFAs in mice fed a high-fiber diet protected against
allergic inflammation in the lungs. In contrast, a low-fiber diet increased allergic airway
disease by reducing SCFAs levels. In addition, elevated levels of circulating SCFAs were
found to protect against allergic inflammation in the lungs. Propionate, by affecting the
maturation of lung dendritic cells, promoted their high phagocytic capacity but impaired
their ability to stimulate the effector function of T helper type 2 (TH2) cells [164].

5.4. Short-Chain Fatty Acids, Body Weight, and Physical Frailty Phenotype

The role of diet as an important factor modifying the course of COPD has been the
subject of numerous studies. Many of these studies have focused on the role of polyunsatu-
rated fatty acids (PUFAs), especiallyω-3 fatty acids [181,182]. Their influence on disease
progression and prognosis has been analyzed, which is related to the involvement of both
PUFAs themselves and their metabolites in the regulation of inflammation and resolution
of inflammation.

Analysis of the role of dietary fiber is another important area that has been shown
to be clearly related to the course of COPD. A population-based prospective cohort of 35
339 Swedish women evaluated the association between baseline and long-term dietary
fiber intake and COPD risk. The results of this study showed that high fiber intake is an
important modifiable factor that may reduce the risk of COPD primarily in current and
former smokers [183].

The relationship between SCFAs production and body weight is of interest, given
its relevance to the pattern of COPD course. Fecal SCFAs concentrations were shown to
be higher in overweight people than in lean people (80±6 vs 56±6 mmol/kg, p = 0.02).
It was also found that overweight individuals may absorb more SCFA from the large
intestine [184]. Another study showed that overweight or obese individuals had higher
levels of fecal acetate, propionate, butyrate, and valerate compared to lean subjects [185].

GPR43 is known to play an important role in white adipose tissue (WAT) [186]. In an
experiment in mice, SCFAs have been shown to suppress insulin-mediated fat accumulation
through GPR43 activation. In mice attempting a high-fat diet, SCFAs levels in feces and
plasma acetate were decreased, while GPR43 expression in the WAT was markedly higher
compared to mice receiving a normal diet [186]. This may be part of the mechanism of
energy balance regulation, which includes suppression of excess energy accumulation
and increased fat consumption. In this mechanism, GPR43 may function as an energy
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sensor that promotes the use of excess energy in other tissues rather than to store it as fat in
adipose tissue [186].

The physical frailty phenotype is less well known, but its clinical and prognostic signif-
icance is beyond doubt [141,187,188]. Physical frailty is a complex syndrome characterized
by loss of physiological and cognitive reserve [189,190]. Impaired muscle metabolism and
depletion of muscle mass is an important clinical characteristic of COPD, especially in older
individuals. Reduced physical activity due to physical frailty is suggested to be considered
as a COPD phenotype associated with unfavorable prognosis. Of considerable interest is
the information that the species diversity of the fecal microbiota of the elderly is inversely
related to physical performance and the Rockwood clinical frailty scale [191,192]. The
composition of the gut microbiota has been shown to be closely related to the development
of physical frailty in older adults [191]. A key link that may link gut microbiota structure
to skeletal muscle function is SCFAs [193,194]. SCFAs can act as ligands for FFAR2 and
FFAR3 in skeletal muscle cells, regulating metabolic pathways related to glucose uptake
and metabolism as well as modulating mitochondrial biogenesis [195].

Through the inhibition of histone deacetylase, butyrate can lead to the prevention of
apoptosis in muscle. Butyrate can affect muscle metabolism, including improving glucose
metabolism and increasing enzymes involved in oxidative metabolism, thus preventing
age-related muscle atrophy in mice [196]. Butyrate has been shown to increase the muscle
fiber cross-sectional area and reduce intramuscular fat accumulation in older mice [196].

Thus, SCFAs may be involved in numerous extrapulmonary effects related to effects
on metabolism in tissues, which is of great research and clinical interest.

5.5. Short-Chain Fatty Acids, the Central Nervous System, and the COPD Emotional
Fragility Phenotype

Emotional lability is increasingly recognized as a phenotype of COPD because of its
significant impact on treatment efficacy. Anxiety and depression are known to be associated
with decreased quality of life, as well as increased hospitalizations and mortality. The data
accumulated to date have strengthened our understanding of the links between COPD and
these disorders.

Of great interest is the evidence of the influence of gut microbiota on the central
nervous system through SCFAS, due to their several neuroactive properties. The exact
mechanisms of these connections are still a subject for research. SCFAs have been shown
to affect several neurological and mental diseases and behavioral processes. Their in-
volvement in neuronal development, microglia maturation and the release of synaptic
neurotransmitters is also known [43,197–200]. The involvement of SCFAs in neuroimmune
processes in neurodegenerative diseases is important [200].

Short-chain fatty acids are involved in the onset of depression, which has been shown
in macaques [201]. And it was found that in addition to plasma concentrations, some
SCFAs (acetic acid, propanedioic acid, and butyric acid) are also impaired in macaque
cerebrospinal fluid in a natural depression model. Butyrate levels differ significantly in
both serum and liquor samples from these macaques [201]. These results are consistent with
evidence of lower fecal SCFAs concentrations in depressed patients than in controls [202].

Another study showed that acetate production by the rodent intestinal microbiota
on a high-fat diet leads to effects on the central nervous system. This is due to activation
of the parasympathetic nervous system, resulting in the increased secretion of ghrelin,
which promotes hyperphagia, and increased energy deposition in the form of fat due to
increased glucose-stimulated insulin secretion [203]. At the same time, FFAR3, which is
activated mainly by propionate and butyrate, regulates sympathetic activity by sensing
nutritional status, thereby maintaining the body’s energy homeostasis [38]. In addition,
butyrate has an antidepressant-like effect in mouse models and also improves cognitive
abilities in rats [204–206]. These data are of clinical interest and are an important topic for
further research.
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Thus, in accordance with modern concepts, COPD is considered to be not only as
a lung disease, but also from the position of its numerous systemic effects. Moreover,
SCFAs may be involved in the regulation of many links related to the development and
progression of COPD. In this regard, the complex influence of SCFAs on various pulmonary
and extrapulmonary effects of COPD can be assumed.

6. Conclusion

COPD is a clinically heterogeneous disease characterized by the development and
progressive restriction of airflow due to chronic inflammation in the bronchi. Despite
the known etiological factor, cigarette smoking, many aspects of COPD pathogenesis are
still unknown. The causes of heterogeneity of the COPD course, which is associated
with individual trajectories of progression and prognosis, remain a subject of discussion.
Nutrition has a marked effect on the course of the disease. Indeed, patients who are
severely underweight are at greatest risk for adverse COPD outcomes. The development of
emphysema is also related to dietary patterns. Non-digestible carbohydrates, such as fiber,
have been shown to favorably influence prognosis. Although these fibers are inaccessible
to human digestive enzymes, they are actively metabolized by intestinal microflora. The
products of enzymatic activity are SCFAs, which are an important link in the gut-lung
immune axis. Short-chain fatty acids demonstrate a variety of functions in the regulation
of inflammation and may play an important role in the clinical picture of COPD. SCFA
production depends on the nature of the diet and the structure of the microflora. In
this regard, dietary modification to include non-digestible fibers in the diet is seen as
an important therapeutic tool that can affect not only the course of the disease, but also
its outcome.

It should be noted that many of the effects of a diet containing dietary fiber may be
related not only to the microbial fermentation of this fiber in the gut and SCFAs production,
but also to various other dietary components, including micronutrients and vitamins. These
findings are reflected in numerous studies that emphasize the importance of individual
nutritional components [207–209]. Given the contribution of other nutritional components,
it would not be very correct to link the clinical features of the course of COPD solely with
SCFAs. It can be stated that the problems of diet in the natural history of COPD are far
from being solved and require new research. In addition, individual trajectories of the
natural history of COPD are shaped by many external and internal factors, a simplified
understanding of which will not contribute to the interpretation of research results and
improve approaches to the management of patients.

Indeed, many questions concerning both the pathophysiology of COPD and the in-
volvement of SCFAs in these processes remain unanswered to date. Importantly, COPD
patients are not a clinically homogeneous group, which requires a differentiated approach
in the evaluation of research findings. The molecular mechanisms exhibited by SCFAs
require new experimental and clinical confirmations. In this regard, investigation of the
role of SCFAs in the clinically heterogeneous course of COPD may be a promising area for
future research. These data will help to broaden the understanding of the pathophysio-
logical mechanisms and their impairments that are associated with COPD phenotypes. A
better understanding of these mechanisms will enhance the development of more effec-
tive therapeutic intervention programs that will be better adapted to individual disease
course trajectories.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflicts of interest.



Int. J. Mol. Sci. 2022, 23, 4768 15 of 23

References
1. Chronic Obstructive Pulmonary Disease (COPD). Available online: https://www.who.int/news-room/fact-sheets/detail/

chronic-obstructive-pulmonary-disease-(copd) (accessed on 25 February 2022).
2. Soriano, J.B.; Kendrick, P.J.; Paulson, K.R.; Gupta, V.; Abrams, E.M.; Adedoyin, R.A.; Adhikari, T.B.; Advani, S.M.; Agrawal, A.;

Ahmadian, E.; et al. Prevalence and attributable health burden of chronic respiratory diseases, 1990–2017: A systematic analysis
for the Global Burden of Disease Study 2017. Lancet Respir. Med. 2020, 8, 585–596. [CrossRef]

3. Çolak, Y.; Afzal, S.; Nordestgaard, B.G.; Vestbo, J.; Lange, P. Prevalence, Characteristics, and Prognosis of Early Chronic
Obstructive Pulmonary Disease. The Copenhagen General Population Study. Am. J. Respir. Crit. Care Med. 2020, 201, 671–680.
[CrossRef] [PubMed]

4. Hashemi, S.Y.; Momenabadi, V.; Faramarzi, A.; Kiani, A. Trends in burden of chronic obstructive pulmonary disease in Iran,
1995–2015: Findings from the global burden of disease study. Arch. Public Health 2020, 78, 45. [CrossRef] [PubMed]

5. Blanco, I.; Diego, I.; Bueno, P.; Casas-Maldonado, F.; Miravitlles, M. Geographic distribution of COPD prevalence in the world
displayed by Geographic Information System maps. Eur. Respir. J. 2019, 54, 1900610. [CrossRef] [PubMed]

6. Kotaki, K.; Ikeda, H.; Fukuda, T.; Yuhei, K.; Yuki, F.; Kawasaki, M.; Wakamatsu, K.; Sugahara, K. Trends in the prevalence of
COPD in elderly individuals in an air-polluted city in Japan: A cross-sectional study. Int. J. Chronic Obstr. Pulm. Dis. 2019, 14,
791–798. [CrossRef]

7. Ni, L.; Chuang, C.-C.; Zuo, L. Fine particulate matter in acute exacerbation of COPD. Front. Physiol. 2015, 6. [CrossRef]
8. Ding, Q.; Li, J.; Xu, S.; Gao, Y.; Guo, Y.; Xie, B.; Li, H.; Wei, X. Different Smoking Statuses on Survival and Emphysema in Patients

with Acute Exacerbation of Chronic Obstructive Pulmonary Disease. Int. J. Chron. Obstruct. Pulmon. Dis. 2022, 17, 505–515.
[CrossRef]

9. Wang, Y.; Xu, J.; Meng, Y.; Adcock, I.M.; Yao, X. Role of inflammatory cells in airway remodeling in COPD. Int. J. Chron. Obstruct.
Pulmon. Dis. 2018, 13, 3341–3348. [CrossRef]

10. Yang, A.; Wu, Y.; Yu, G.; Wang, H. Role of specialized pro-resolving lipid mediators in pulmonary inflammation diseases:
Mechanisms and development. Respir. Res. 2021, 22, 204. [CrossRef]

11. Agustí, A.; Vogelmeier, C.; Faner, R. COPD 2020: Changes and challenges. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2020, 319,
L879–L883. [CrossRef]

12. Agusti, A.; Calverley, P.M.; Celli, B.; Coxson, H.O.; Edwards, L.D.; Lomas, D.A.; MacNee, W.; Miller, B.E.; Rennard, S.;
Silverman, E.K.; et al. Characterisation of COPD heterogeneity in the ECLIPSE cohort. Respir. Res. 2010, 11, 122. [CrossRef]
[PubMed]

13. Kim, E.K.; Singh, D.; Park, J.H.; Park, Y.B.; Kim, S.I.; Park, B.; Park, J.; Kim, J.; Kim, M.A.; Lee, J.H.; et al. Impact of Body Mass
Index Change on the Prognosis of Chronic Obstructive Pulmonary Disease. Respiration 2020, 99, 943–953. [CrossRef] [PubMed]

14. Guo, Y.; Zhang, T.; Wang, Z.; Yu, F.; Xu, Q.; Guo, W.; Wu, C.; He, J. Body mass index and mortality in chronic obstructive
pulmonary disease: A dose-response meta-analysis. Medicine 2016, 95, e4225. [CrossRef] [PubMed]

15. Iyer, A.S.; Dransfield, M.T. The “Obesity Paradox” in Chronic Obstructive Pulmonary Disease: Can It Be Resolved? Ann. Am.
Thorac. Soc. 2018, 15, 158–159. [CrossRef]

16. Spelta, F.; Fratta Pasini, A.M.; Cazzoletti, L.; Ferrari, M. Body weight and mortality in COPD: Focus on the obesity paradox. Eat.
Weight. Disord.-Stud. Anorex. Bulim. Obes. 2018, 23, 15–22. [CrossRef]

17. Collins, P.F.; Stratton, R.J.; Kurukulaaratchy, R.; Elia, M. S163 The ‘Obesity Paradox’ in chronic obstructive pulmonary disease.
Thorax 2010, 65, A73–A74. [CrossRef]

18. Barreiro, E.; Jaitovich, A. Muscle atrophy in chronic obstructive pulmonary disease: Molecular basis and potential therapeutic
targets. J. Thorac. Dis. 2018, 10, S1415–S1424. [CrossRef]

19. Wüst, R.C.I.; Degens, H. Factors contributing to muscle wasting and dysfunction in COPD patients. Int. J. Chronic Obstr. Pulm.
Dis. 2007, 2, 289–300.

20. Scoditti, E.; Massaro, M.; Garbarino, S.; Toraldo, D.M. Role of Diet in Chronic Obstructive Pulmonary Disease Prevention and
Treatment. Nutrients 2019, 11, 1357. [CrossRef]

21. Kotlyarov, S.; Kotlyarova, A. Anti-Inflammatory Function of Fatty Acids and Involvement of Their Metabolites in the Resolution
of Inflammation in Chronic Obstructive Pulmonary Disease. Int. J. Mol. Sci. 2021, 22, 12803. [CrossRef]

22. Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; Wieërs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health and Respiratory
Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell. Infect. Microbiol. 2020, 10, 9. [CrossRef] [PubMed]

23. Anand, S.; Mande, S.S. Diet, Microbiota and Gut-Lung Connection. Front. Microbiol. 2018, 9, 2147. [CrossRef] [PubMed]
24. Wang, B.; Yao, M.; Lv, L.; Ling, Z.; Li, L. The Human Microbiota in Health and Disease. Engineering 2017, 3, 71–82. [CrossRef]
25. Vaughan, A.; Frazer, Z.A.; Hansbro, P.M.; Yang, I.A. COPD and the gut-lung axis: The therapeutic potential of fibre. J. Thorac. Dis.

2019, 11, S2173–S2180. [CrossRef]
26. Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; van Harsselaar, J.; et al.

Short chain fatty acids in human gut and metabolic health. Benef. Microbes 2020, 11, 411–455. [CrossRef]
27. Wong, J.M.W.; de Souza, R.; Kendall, C.W.C.; Emam, A.; Jenkins, D.J.A. Colonic Health: Fermentation and Short Chain Fatty

Acids. J. Clin. Gastroenterol. 2006, 40, 235–243. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)
https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)
http://doi.org/10.1016/S2213-2600(20)30105-3
http://doi.org/10.1164/rccm.201908-1644OC
http://www.ncbi.nlm.nih.gov/pubmed/31770495
http://doi.org/10.1186/s13690-020-00426-x
http://www.ncbi.nlm.nih.gov/pubmed/32509302
http://doi.org/10.1183/13993003.00610-2019
http://www.ncbi.nlm.nih.gov/pubmed/31000678
http://doi.org/10.2147/COPD.S189372
http://doi.org/10.3389/fphys.2015.00294
http://doi.org/10.2147/COPD.S346456
http://doi.org/10.2147/COPD.S176122
http://doi.org/10.1186/s12931-021-01792-y
http://doi.org/10.1152/ajplung.00429.2020
http://doi.org/10.1186/1465-9921-11-122
http://www.ncbi.nlm.nih.gov/pubmed/20831787
http://doi.org/10.1159/000511022
http://www.ncbi.nlm.nih.gov/pubmed/33264797
http://doi.org/10.1097/MD.0000000000004225
http://www.ncbi.nlm.nih.gov/pubmed/27428228
http://doi.org/10.1513/AnnalsATS.201711-901ED
http://doi.org/10.1007/s40519-017-0456-z
http://doi.org/10.1136/thx.2010.150953.14
http://doi.org/10.21037/jtd.2018.04.168
http://doi.org/10.3390/nu11061357
http://doi.org/10.3390/ijms222312803
http://doi.org/10.3389/fcimb.2020.00009
http://www.ncbi.nlm.nih.gov/pubmed/32140452
http://doi.org/10.3389/fmicb.2018.02147
http://www.ncbi.nlm.nih.gov/pubmed/30283410
http://doi.org/10.1016/J.ENG.2017.01.008
http://doi.org/10.21037/jtd.2019.10.40
http://doi.org/10.3920/BM2020.0057
http://doi.org/10.1097/00004836-200603000-00015


Int. J. Mol. Sci. 2022, 23, 4768 16 of 23

28. Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; González, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.;
Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef]

29. den Besten, G.; van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.-J.; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325–2340. [CrossRef]

30. Morrison, D.J.; Preston, T. Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism. Gut
Microbes 2016, 7, 189–200. [CrossRef]

31. Louis, P.; Flint, H.J. Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 2017, 19, 29–41.
[CrossRef]

32. Deleu, S.; Machiels, K.; Raes, J.; Verbeke, K.; Vermeire, S. Short chain fatty acids and its producing organisms: An overlooked
therapy for IBD? eBioMedicine 2021, 66, 103293. [CrossRef] [PubMed]

33. Duncan, S.H.; Holtrop, G.; Lobley, G.E.; Calder, A.G.; Stewart, C.S.; Flint, H.J. Contribution of acetate to butyrate formation by
human faecal bacteria. Br. J. Nutr. 2004, 91, 915–923. [CrossRef] [PubMed]

34. Smith, E.A.; Macfarlane, G.T. Dissimilatory amino Acid metabolism in human colonic bacteria. Anaerobe 1997, 3, 327–337.
[CrossRef]

35. Dai, Z.L.; Wu, G.; Zhu, W.Y. Amino acid metabolism in intestinal bacteria: Links between gut ecology and host health. Front.
Biosci. 2011, 16, 1768–1786. [CrossRef]

36. Mortensen, P.B.; Clausen, M.R. Short-chain fatty acids in the human colon: Relation to gastrointestinal health and disease. Scand.
J. Gastroenterol. Suppl. 1996, 216, 132–148. [CrossRef] [PubMed]

37. Cummings, J.H.; Pomare, E.W.; Branch, W.J.; Naylor, C.P.; Macfarlane, G.T. Short chain fatty acids in human large intestine, portal,
hepatic and venous blood. Gut 1987, 28, 1221–1227. [CrossRef] [PubMed]

38. Kasubuchi, M.; Hasegawa, S.; Hiramatsu, T.; Ichimura, A.; Kimura, I. Dietary gut microbial metabolites, short-chain fatty acids,
and host metabolic regulation. Nutrients 2015, 7, 2839–2849. [CrossRef]

39. Dong, J.P.; Zheng, Y.; Wu, T.; He, Q.; Teng, G.G.; Wang, H.H. Protective effect of Saccharomyces boulardii on intestinal mucosal
barrier of dextran sodium sulfate-induced colitis in mice. Chin. Med. J. 2019, 132, 1951–1958. [CrossRef]

40. Roediger, W.E. Utilization of nutrients by isolated epithelial cells of the rat colon. Gastroenterology 1982, 83, 424–429. [CrossRef]
41. Roy, C.C.; Kien, C.L.; Bouthillier, L.; Levy, E. Short-chain fatty acids: Ready for prime time? Nutr. Clin. Pract. 2006, 21, 351–366.

[CrossRef]
42. Wiltrout, D.W.; Satter, L.D. Contribution of propionate to glucose synthesis in the lactating and nonlactating cow. J. Dairy Sci.

1972, 55, 307–317. [CrossRef]
43. Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The role of short-chain fatty acids in microbiota–gut–brain communication.

Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 461–478. [CrossRef]
44. Layden, B.T.; Angueira, A.R.; Brodsky, M.; Durai, V.; Lowe, W.L., Jr. Short chain fatty acids and their receptors: New metabolic

targets. Transl. Res. 2013, 161, 131–140. [CrossRef] [PubMed]
45. Yamashita, H.; Kaneyuki, T.; Tagawa, K. Production of acetate in the liver and its utilization in peripheral tissues. Biochim. Et

Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2001, 1532, 79–87. [CrossRef]
46. Bell-Parikh, L.C.; Guengerich, F.P. Kinetics of cytochrome P450 2E1-catalyzed oxidation of ethanol to acetic acid via acetaldehyde.

J. Biol. Chem. 1999, 274, 23833–23840. [CrossRef]
47. Sturm, E.M.; Knuplez, E.; Marsche, G. Role of Short Chain Fatty Acids and Apolipoproteins in the Regulation of Eosinophilia-

Associated Diseases. Int. J. Mol. Sci. 2021, 22, 4377. [CrossRef]
48. Le Poul, E.; Loison, C.; Struyf, S.; Springael, J.-Y.; Lannoy, V.; Decobecq, M.-E.; Brezillon, S.; Dupriez, V.; Vassart, G.; Van Damme, J.

Functional characterization of human receptors for short chain fatty acids and their role in polymorphonuclear cell activation. J.
Biol. Chem. 2003, 278, 25481–25489. [CrossRef]

49. Nilsson, N.E.; Kotarsky, K.; Owman, C.; Olde, B. Identification of a free fatty acid receptor, FFA2R, expressed on leukocytes and
activated by short-chain fatty acids. Biochem. Biophys. Res. Commun. 2003, 303, 1047–1052. [CrossRef]

50. Ulven, T. Short-chain free fatty acid receptors FFA2/GPR43 and FFA3/GPR41 as new potential therapeutic targets. Front.
Endocrinol. 2012, 3, 111. [CrossRef]

51. Bolognini, D.; Tobin, A.B.; Milligan, G.; Moss, C.E. The Pharmacology and Function of Receptors for Short-Chain Fatty Acids.
Mol. Pharmacol. 2016, 89, 388–398. [CrossRef]

52. Milligan, G.; Stoddart, L.A.; Smith, N.J. Agonism and allosterism: The pharmacology of the free fatty acid receptors FFA2 and
FFA3. Br. J. Pharmacol. 2009, 158, 146–153. [CrossRef] [PubMed]

53. Maslowski, K.M.; Vieira, A.T.; Ng, A.; Kranich, J.; Sierro, F.; Yu, D.; Schilter, H.C.; Rolph, M.S.; Mackay, F.; Artis, D. Regulation
of inflammatory responses by gut microbiota and chemoattractant receptor GPR43. Nature 2009, 461, 1282–1286. [CrossRef]
[PubMed]

54. Corrêa-Oliveira, R.; Fachi, J.L.; Vieira, A.; Sato, F.T.; Vinolo, M.A.R. Regulation of immune cell function by short-chain fatty acids.
Clin. Transl. Immunol. 2016, 5, e73. [CrossRef] [PubMed]

55. Pluznick, J. A novel SCFA receptor, the microbiota, and blood pressure regulation. Gut Microbes 2014, 5, 202–207. [CrossRef]

http://doi.org/10.3389/fimmu.2019.00277
http://doi.org/10.1194/jlr.R036012
http://doi.org/10.1080/19490976.2015.1134082
http://doi.org/10.1111/1462-2920.13589
http://doi.org/10.1016/j.ebiom.2021.103293
http://www.ncbi.nlm.nih.gov/pubmed/33813134
http://doi.org/10.1079/BJN20041150
http://www.ncbi.nlm.nih.gov/pubmed/15182395
http://doi.org/10.1006/anae.1997.0121
http://doi.org/10.2741/3820
http://doi.org/10.3109/00365529609094568
http://www.ncbi.nlm.nih.gov/pubmed/8726286
http://doi.org/10.1136/gut.28.10.1221
http://www.ncbi.nlm.nih.gov/pubmed/3678950
http://doi.org/10.3390/nu7042839
http://doi.org/10.1097/CM9.0000000000000364
http://doi.org/10.1016/S0016-5085(82)80339-9
http://doi.org/10.1177/0115426506021004351
http://doi.org/10.3168/jds.S0022-0302(72)85487-0
http://doi.org/10.1038/s41575-019-0157-3
http://doi.org/10.1016/j.trsl.2012.10.007
http://www.ncbi.nlm.nih.gov/pubmed/23146568
http://doi.org/10.1016/S1388-1981(01)00117-2
http://doi.org/10.1074/jbc.274.34.23833
http://doi.org/10.3390/ijms22094377
http://doi.org/10.1074/jbc.M301403200
http://doi.org/10.1016/S0006-291X(03)00488-1
http://doi.org/10.3389/fendo.2012.00111
http://doi.org/10.1124/mol.115.102301
http://doi.org/10.1111/j.1476-5381.2009.00421.x
http://www.ncbi.nlm.nih.gov/pubmed/19719777
http://doi.org/10.1038/nature08530
http://www.ncbi.nlm.nih.gov/pubmed/19865172
http://doi.org/10.1038/cti.2016.17
http://www.ncbi.nlm.nih.gov/pubmed/27195116
http://doi.org/10.4161/gmic.27492


Int. J. Mol. Sci. 2022, 23, 4768 17 of 23

56. Thangaraju, M.; Cresci, G.A.; Liu, K.; Ananth, S.; Gnanaprakasam, J.P.; Browning, D.D.; Mellinger, J.D.; Smith, S.B.; Digby, G.J.;
Lambert, N.A.; et al. GPR109A is a G-protein-coupled receptor for the bacterial fermentation product butyrate and functions as a
tumor suppressor in colon. Cancer Res. 2009, 69, 2826–2832. [CrossRef]

57. Kostylina, G.; Simon, D.M.; Fey, M.F.; Yousefi, S.; Simon, H.-U. Neutrophil apoptosis mediated by nicotinic acid receptors
(GPR109A). Cell Death Differ. 2007, 15, 134–142. [CrossRef]

58. Li, M.; Van Esch, B.C.A.M.; Wagenaar, G.T.M.; Garssen, J.; Folkerts, G.; Henricks, P.A.J. Pro- and anti-inflammatory effects of short
chain fatty acids on immune and endothelial cells. Eur. J. Pharmacol. 2018, 831, 52–59. [CrossRef]

59. Carretta, M.D.; Quiroga, J.; López, R.; Hidalgo, M.A.; Burgos, R.A. Participation of Short-Chain Fatty Acids and Their Receptors
in Gut Inflammation and Colon Cancer. Front. Physiol. 2021, 12, 662739. [CrossRef]

60. Bolden, J.E.; Peart, M.J.; Johnstone, R.W. Anticancer activities of histone deacetylase inhibitors. Nat. Rev. Drug Discov. 2006, 5,
769–784. [CrossRef]

61. Park, J.; Kim, M.; Kang, S.G.; Jannasch, A.H.; Cooper, B.; Patterson, J.; Kim, C.H. Short-chain fatty acids induce both effector and
regulatory T cells by suppression of histone deacetylases and regulation of the mTOR–S6K pathway. Mucosal. Immunol. 2015, 8,
80–93. [CrossRef]

62. Chang, P.V.; Hao, L.; Offermanns, S.; Medzhitov, R. The microbial metabolite butyrate regulates intestinal macrophage function
via histone deacetylase inhibition. Proc. Natl. Acad. Sci. USA 2014, 111, 2247–2252. [CrossRef] [PubMed]

63. Lin, K.T.; Wang, Y.W.; Chen, C.T.; Ho, C.M.; Su, W.H.; Jou, Y.S. HDAC inhibitors augmented cell migration and metastasis through
induction of PKCs leading to identification of low toxicity modalities for combination cancer therapy. Clin. Cancer Res. 2012, 18,
4691–4701. [CrossRef] [PubMed]

64. Xu, Z.; Tao, J.; Chen, P.; Chen, L.; Sharma, S.; Wang, G.; Dong, Q. Sodium butyrate inhibits colorectal cancer cell migration by
downregulating Bmi-1 through enhanced miR-200c expression. Mol. Nutr. Food Res. 2018, 62, 1700844. [CrossRef] [PubMed]

65. Kankaanranta, H.; Janka-Junttila, M.; Ilmarinen-Salo, P.; Ito, K.; Jalonen, U.; Ito, M.; Adcock, I.M.; Moilanen, E.; Zhang, X. Histone
deacetylase inhibitors induce apoptosis in human eosinophils and neutrophils. J. Inflamm. 2010, 7, 1–15. [CrossRef]

66. Aoyama, M.; Kotani, J.; Usami, M. Butyrate and propionate induced activated or non-activated neutrophil apoptosis via HDAC
inhibitor activity but without activating GPR-41/GPR-43 pathways. Nutrition 2010, 26, 653–661. [CrossRef]

67. Zhang, Z.; Tang, H.; Chen, P.; Xie, H.; Tao, Y. Demystifying the manipulation of host immunity, metabolism, and extraintestinal
tumors by the gut microbiome. Signal. Transduct. Target. Ther. 2019, 4, 41. [CrossRef]

68. Jardou, M.; Lawson, R. Supportive therapy during COVID-19: The proposed mechanism of short-chain fatty acids to prevent
cytokine storm and multi-organ failure. Med. Hypotheses 2021, 154, 110661. [CrossRef]

69. Viola, A.; Munari, F.; Sánchez-Rodríguez, R.; Scolaro, T.; Castegna, A. The Metabolic Signature of Macrophage Responses. Front.
Immunol. 2019, 10, 1462. [CrossRef]

70. Nonnenmacher, Y.; Hiller, K. Biochemistry of proinflammatory macrophage activation. Cell. Mol. Life Sci. 2018, 75, 2093–2109.
[CrossRef]

71. Fan, H.; Wu, Y.; Yu, S.; Li, X.; Wang, A.; Wang, S.; Chen, W.; Lu, Y. Critical role of mTOR in regulating aerobic glycolysis in
carcinogenesis (Review). Int. J. Oncol. 2021, 58, 9–19. [CrossRef]

72. Sun, Q.; Chen, X.; Ma, J.; Peng, H.; Wang, F.; Zha, X.; Wang, Y.; Jing, Y.; Yang, H.; Chen, R.; et al. Mammalian target of rapamycin
up-regulation of pyruvate kinase isoenzyme type M2 is critical for aerobic glycolysis and tumor growth. Proc. Natl. Acad. Sci.
USA 2011, 108, 4129–4134. [CrossRef] [PubMed]

73. Schulthess, J.; Pandey, S.; Capitani, M.; Rue-Albrecht, K.C.; Arnold, I.; Franchini, F.; Chomka, A.; Ilott, N.E.; Johnston, D.G.W.;
Pires, E.; et al. The Short Chain Fatty Acid Butyrate Imprints an Antimicrobial Program in Macrophages. Immunity 2019, 50,
432–445. [CrossRef] [PubMed]

74. Liu, Q.; Tian, X.; Maruyama, D.; Arjomandi, M.; Prakash, A. Lung immune tone via gut-lung axis: Gut-derived LPS and
short-chain fatty acids’ immunometabolic regulation of lung IL-1β, FFAR2, and FFAR3 expression. Am. J. Physiol.-Lung Cell. Mol.
Physiol. 2021, 321, L65–L78. [CrossRef] [PubMed]

75. Trompette, A.; Gollwitzer, E.S.; Pattaroni, C.; Lopez-Mejia, I.C.; Riva, E.; Pernot, J.; Ubags, N.; Fajas, L.; Nicod, L.P.; Marsland, B.J.
Dietary Fiber Confers Protection against Flu by Shaping Ly6c- Patrolling Monocyte Hematopoiesis and CD8+ T Cell Metabolism.
Immunity 2018, 48, 992–1005.e1008. [CrossRef]

76. Bachem, A.; Makhlouf, C.; Binger, K.J.; de Souza, D.P.; Tull, D.; Hochheiser, K.; Whitney, P.G.; Fernandez-Ruiz, D.; Dähling, S.;
Kastenmüller, W.; et al. Microbiota-Derived Short-Chain Fatty Acids Promote the Memory Potential of Antigen-Activated CD8+

T Cells. Immunity 2019, 51, 285–297 e285. [CrossRef] [PubMed]
77. Donohoe, D.R.; Collins, L.B.; Wali, A.; Bigler, R.; Sun, W.; Bultman, S.J. The Warburg effect dictates the mechanism of butyrate-

mediated histone acetylation and cell proliferation. Mol. Cell 2012, 48, 612–626. [CrossRef]
78. Vinolo, M.A.; Rodrigues, H.G.; Hatanaka, E.; Sato, F.T.; Sampaio, S.C.; Curi, R. Suppressive effect of short-chain fatty acids on

production of proinflammatory mediators by neutrophils. J. Nutr. Biochem. 2011, 22, 849–855. [CrossRef]
79. Liu, T.; Li, J.; Liu, Y.; Xiao, N.; Suo, H.; Xie, K.; Yang, C.; Wu, C. Short-chain fatty acids suppress lipopolysaccharide-induced

production of nitric oxide and proinflammatory cytokines through inhibition of NF-κB pathway in RAW264.7 cells. Inflammation
2012, 35, 1676–1684. [CrossRef]

80. Liu, L.; Li, L.; Min, J.; Wang, J.; Wu, H.; Zeng, Y.; Chen, S.; Chu, Z. Butyrate interferes with the differentiation and function of
human monocyte-derived dendritic cells. Cell Immunol. 2012, 277, 66–73. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-08-4466
http://doi.org/10.1038/sj.cdd.4402238
http://doi.org/10.1016/j.ejphar.2018.05.003
http://doi.org/10.3389/fphys.2021.662739
http://doi.org/10.1038/nrd2133
http://doi.org/10.1038/mi.2014.44
http://doi.org/10.1073/pnas.1322269111
http://www.ncbi.nlm.nih.gov/pubmed/24390544
http://doi.org/10.1158/1078-0432.CCR-12-0633
http://www.ncbi.nlm.nih.gov/pubmed/22811583
http://doi.org/10.1002/mnfr.201700844
http://www.ncbi.nlm.nih.gov/pubmed/29418071
http://doi.org/10.1186/1476-9255-7-9
http://doi.org/10.1016/j.nut.2009.07.006
http://doi.org/10.1038/s41392-019-0074-5
http://doi.org/10.1016/j.mehy.2021.110661
http://doi.org/10.3389/fimmu.2019.01462
http://doi.org/10.1007/s00018-018-2784-1
http://doi.org/10.3892/ijo.2020.5152
http://doi.org/10.1073/pnas.1014769108
http://www.ncbi.nlm.nih.gov/pubmed/21325052
http://doi.org/10.1016/j.immuni.2018.12.018
http://www.ncbi.nlm.nih.gov/pubmed/30683619
http://doi.org/10.1152/ajplung.00421.2020
http://www.ncbi.nlm.nih.gov/pubmed/33851870
http://doi.org/10.1016/j.immuni.2018.04.022
http://doi.org/10.1016/j.immuni.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31272808
http://doi.org/10.1016/j.molcel.2012.08.033
http://doi.org/10.1016/j.jnutbio.2010.07.009
http://doi.org/10.1007/s10753-012-9484-z
http://doi.org/10.1016/j.cellimm.2012.05.011


Int. J. Mol. Sci. 2022, 23, 4768 18 of 23

81. He, J.; Zhang, P.; Shen, L.; Niu, L.; Tan, Y.; Chen, L.; Zhao, Y.; Bai, L.; Hao, X.; Li, X.; et al. Short-Chain Fatty Acids and Their
Association with Signalling Pathways in Inflammation, Glucose and Lipid Metabolism. Int. J. Mol. Sci. 2020, 21, 6365. [CrossRef]

82. Ghorbani, P.; Santhakumar, P.; Hu, Q.; Djiadeu, P.; Wolever, T.M.; Palaniyar, N.; Grasemann, H. Short-chain fatty acids affect
cystic fibrosis airway inflammation and bacterial growth. Eur. Respir. J. 2015, 46, 1033–1045. [CrossRef] [PubMed]

83. Cox, M.A.; Jackson, J.; Stanton, M.; Rojas-Triana, A.; Bober, L.; Laverty, M.; Yang, X.; Zhu, F.; Liu, J.; Wang, S.; et al. Short-chain
fatty acids act as antiinflammatory mediators by regulating prostaglandin E2 and cytokines. World J. Gastroenterol. 2009, 15,
5549–5557. [CrossRef] [PubMed]

84. Vinolo, M.A.; Rodrigues, H.G.; Hatanaka, E.; Hebeda, C.B.; Farsky, S.H.; Curi, R. Short-chain fatty acids stimulate the migration
of neutrophils to inflammatory sites. Clin. Sci. 2009, 117, 331–338. [CrossRef] [PubMed]

85. Zapolska-Downar, D.; Siennicka, A.; Kaczmarczyk, M.; Kołodziej, B.; Naruszewicz, M. Butyrate inhibits cytokine-induced
VCAM-1 and ICAM-1 expression in cultured endothelial cells: The role of NF-kappaB and PPARalpha. J. Nutr. Biochem. 2004, 15,
220–228. [CrossRef] [PubMed]

86. Zapolska-Downar, D.; Naruszewicz, M. Propionate reduces the cytokine-induced VCAM-1 and ICAM-1 expression by inhibiting
nuclear factor-kappa B (NF-kappaB) activation. J. Physiol. Pharmacol. 2009, 60, 123–131. [PubMed]

87. Miller, S.J.; Zaloga, G.P.; Hoggatt, A.M.; Labarrere, C.; Faulk, W.P. Short-chain fatty acids modulate gene expression for vascular
endothelial cell adhesion molecules. Nutrition 2005, 21, 740–748. [CrossRef] [PubMed]

88. Aaron, C.P.; Schwartz, J.E.; Bielinski, S.J.; Hoffman, E.A.; Austin, J.H.M.; Oelsner, E.C.; Donohue, K.M.; Kalhan, R.; Berardi, C.;
Kaufman, J.D.; et al. Intercellular adhesion molecule 1 and progression of percent emphysema: The MESA Lung Study. Respir.
Med. 2015, 109, 255–264. [CrossRef]

89. Blidberg, K.; Palmberg, L.; James, A.; Billing, B.; Henriksson, E.; Lantz, A.-S.; Larsson, K.; Dahlén, B. Adhesion molecules in
subjects with COPD and healthy non-smokers: A cross sectional parallel group study. Respir. Res. 2013, 14, 47. [CrossRef]

90. Bochner, B.S.; Luscinskas, F.W.; Gimbrone, M.A., Jr.; Newman, W.; Sterbinsky, S.A.; Derse-Anthony, C.P.; Klunk, D.; Schleimer,
R.P. Adhesion of human basophils, eosinophils, and neutrophils to interleukin 1-activated human vascular endothelial cells:
Contributions of endothelial cell adhesion molecules. J. Exp. Med. 1991, 173, 1553–1557. [CrossRef]

91. Yoon, H.J.; Park, M.K.; Lee, H.; Park, T.S.; Park, D.W.; Moon, J.-Y.; Kim, T.H.; Sohn, J.W.; Kim, S.-H.; Yoon, H.-R. Effects of
respiratory short-chain fatty acids on bronchial inflammation in asthma. World Allergy Organ. J. 2020, 13. [CrossRef]

92. Rutting, S.; Xenaki, D.; Malouf, M.; Horvat, J.C.; Wood, L.G.; Hansbro, P.M.; Oliver, B.G. Short-chain fatty acids increase TNFα-
induced inflammation in primary human lung mesenchymal cells through the activation of p38 MAPK. Am. J. Physiol.-Lung Cell.
Mol. Physiol. 2019, 316, L157–L174. [CrossRef] [PubMed]

93. Mirmonsef, P.; Zariffard, M.R.; Gilbert, D.; Makinde, H.; Landay, A.L.; Spear, G.T. Short-chain fatty acids induce pro-inflammatory
cytokine production alone and in combination with toll-like receptor ligands. Am. J. Reprod. Immunol. 2012, 67, 391–400.
[CrossRef] [PubMed]

94. Erturk-Hasdemir, D.; Kasper, D.L. Resident commensals shaping immunity. Curr. Opin. Immunol. 2013, 25, 450–455. [CrossRef]
[PubMed]

95. Ananya, F.N.; Ahammed, M.R.; Fahem, M.M.; Kafle, S.; Viswanathan, M.; Desai, D.; Akku, R.; Khan, F.; Hernandez, T.E.; Bala,
S.K.; et al. Association of Intestinal Microbial Dysbiosis With Chronic Obstructive Pulmonary Disease. Cureus 2021, 13, e19343.
[CrossRef]

96. Ley, R.E. Gut microbiota in 2015: Prevotella in the gut: Choose carefully. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 69–70.
[CrossRef]

97. Reiss, A.; Jacobi, M.; Rusch, K.; Andreas, S. Association of dietary type with fecal microbiota and short chain fatty acids in vegans
and omnivores. J. Int. Soc. Microbiota 2016, 1, 1–9. [CrossRef]

98. Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.; Relman, D.A. Diversity
of the human intestinal microbial flora. Science 2005, 308, 1635–1638. [CrossRef]

99. Alonso, V.R.; Guarner, F. Intestinal microbiota composition in adults. In Probiotic Bacteria and Their Effect on Human Health and
Well-Being; Karger Publishers: Basel, Switzerland, 2013; Volume 107, pp. 17–24.

100. Macfarlane, S.; Macfarlane, G.T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 2003, 62, 67–72. [CrossRef]
101. Feng, W.; Ao, H.; Peng, C. Gut Microbiota, Short-Chain Fatty Acids, and Herbal Medicines. Front. Pharmacol. 2018, 9, 1354.

[CrossRef]
102. Sze, M.A.; Hogg, J.C.; Sin, D.D. Bacterial microbiome of lungs in COPD. Int. J. Chronic Obstr. Pulm. Dis. 2014, 9, 229–238.

[CrossRef]
103. Ekbom, A.; Brandt, L.; Granath, F.; Löfdahl, C.G.; Egesten, A. Increased risk of both ulcerative colitis and Crohn’s disease in a

population suffering from COPD. Lung 2008, 186, 167–172. [CrossRef] [PubMed]
104. Jess, T.; Loftus, E.V., Jr.; Harmsen, W.S.; Zinsmeister, A.R.; Tremaine, W.J.; Melton, L.J., 3rd; Munkholm, P.; Sandborn, W.J. Survival

and cause specific mortality in patients with inflammatory bowel disease: A long term outcome study in Olmsted County,
Minnesota, 1940–2004. Gut 2006, 55, 1248–1254. [CrossRef] [PubMed]

105. Biedermann, L.; Zeitz, J.; Mwinyi, J.; Sutter-Minder, E.; Rehman, A.; Ott, S.J.; Steurer-Stey, C.; Frei, A.; Frei, P.;
Scharl, M.; et al. Smoking cessation induces profound changes in the composition of the intestinal microbiota in humans. PLoS
ONE 2013, 8, e59260. [CrossRef]

http://doi.org/10.3390/ijms21176356
http://doi.org/10.1183/09031936.00143614
http://www.ncbi.nlm.nih.gov/pubmed/26022954
http://doi.org/10.3748/wjg.15.5549
http://www.ncbi.nlm.nih.gov/pubmed/19938193
http://doi.org/10.1042/CS20080642
http://www.ncbi.nlm.nih.gov/pubmed/19335337
http://doi.org/10.1016/j.jnutbio.2003.11.008
http://www.ncbi.nlm.nih.gov/pubmed/15068815
http://www.ncbi.nlm.nih.gov/pubmed/19617655
http://doi.org/10.1016/j.nut.2004.11.011
http://www.ncbi.nlm.nih.gov/pubmed/15925300
http://doi.org/10.1016/j.rmed.2014.10.004
http://doi.org/10.1186/1465-9921-14-47
http://doi.org/10.1084/jem.173.6.1553
http://doi.org/10.1016/j.waojou.2020.100204
http://doi.org/10.1152/ajplung.00306.2018
http://www.ncbi.nlm.nih.gov/pubmed/30407866
http://doi.org/10.1111/j.1600-0897.2011.01089.x
http://www.ncbi.nlm.nih.gov/pubmed/22059850
http://doi.org/10.1016/j.coi.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23830047
http://doi.org/10.7759/cureus.19343
http://doi.org/10.1038/nrgastro.2016.4
http://doi.org/10.18143/jism_v1i1.782
http://doi.org/10.1126/science.1110591
http://doi.org/10.1079/PNS2002207
http://doi.org/10.3389/fphar.2018.01354
http://doi.org/10.2147/COPD.S38932
http://doi.org/10.1007/s00408-008-9080-z
http://www.ncbi.nlm.nih.gov/pubmed/18330638
http://doi.org/10.1136/gut.2005.079350
http://www.ncbi.nlm.nih.gov/pubmed/16423890
http://doi.org/10.1371/journal.pone.0059260


Int. J. Mol. Sci. 2022, 23, 4768 19 of 23

106. Benjamin, J.L.; Hedin, C.R.; Koutsoumpas, A.; Ng, S.C.; McCarthy, N.E.; Prescott, N.J.; Pessoa-Lopes, P.; Mathew, C.G.; Sanderson,
J.; Hart, A.L.; et al. Smokers with active Crohn’s disease have a clinically relevant dysbiosis of the gastrointestinal microbiota.
Inflamm. Bowel. Dis. 2012, 18, 1092–1100. [CrossRef]

107. Lee, S.H.; Yun, Y.; Kim, S.J.; Lee, E.-J.; Chang, Y.; Ryu, S.; Shin, H.; Kim, H.-L.; Kim, H.-N.; Lee, J.H. Association between
Cigarette Smoking Status and Composition of Gut Microbiota: Population-Based Cross-Sectional Study. J. Clin. Med. 2018, 7, 282.
[CrossRef]

108. Li, N.; Yang, Z.; Liao, B.; Pan, T.; Pu, J.; Hao, B.; Fu, Z.; Cao, W.; Zhou, Y.; He, F.; et al. Chronic exposure to ambient particulate
matter induces gut microbial dysbiosis in a rat COPD model. Respir. Res. 2020, 21, 271. [CrossRef]

109. Woodmansey, E.J. Intestinal bacteria and ageing. J. Appl. Microbiol. 2007, 102, 1178–1186. [CrossRef]
110. Woodmansey, E.J.; McMurdo, M.E.; Macfarlane, G.T.; Macfarlane, S. Comparison of compositions and metabolic activities of fecal

microbiotas in young adults and in antibiotic-treated and non-antibiotic-treated elderly subjects. Appl. Environ. Microbiol. 2004,
70, 6113–6122. [CrossRef]

111. Marsland, B.J.; Trompette, A.; Gollwitzer, E.S. The Gut-Lung Axis in Respiratory Disease. Ann. Am. Thorac. Soc. 2015, 12 (Suppl. 2),
S150–S156. [CrossRef]

112. Schwiertz, A.; Taras, D.; Schäfer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in lean and overweight
healthy subjects. Obesity 2010, 18, 190–195. [CrossRef]

113. Armougom, F.; Henry, M.; Vialettes, B.; Raccah, D.; Raoult, D. Monitoring bacterial community of human gut microbiota reveals
an increase in Lactobacillus in obese patients and Methanogens in anorexic patients. PLoS ONE 2009, 4, e7125. [CrossRef]
[PubMed]

114. Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022–1023.
[CrossRef] [PubMed]

115. De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of
diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci.
USA 2010, 107, 14691–14696. [CrossRef]

116. Wang, Y.; Wang, H.; Howard, A.G.; Meyer, K.A.; Tsilimigras, M.C.B.; Avery, C.L.; Sha, W.; Sun, S.; Zhang, J.; Su, C.; et al.
Circulating Short-Chain Fatty Acids Are Positively Associated with Adiposity Measures in Chinese Adults. Nutrients 2020, 12,
2127. [CrossRef] [PubMed]

117. Yang, J.; Keshavarzian, A.; Rose, D.J. Impact of dietary fiber fermentation from cereal grains on metabolite production by the fecal
microbiota from normal weight and obese individuals. J. Med. Food 2013, 16, 862–867. [CrossRef] [PubMed]

118. Baxter, N.T.; Schmidt, A.W.; Venkataraman, A.; Kim, K.S.; Waldron, C.; Schmidt, T.M. Dynamics of Human Gut Microbiota
and Short-Chain Fatty Acids in Response to Dietary Interventions with Three Fermentable Fibers. MBio 2019, 10, e02566-18.
[CrossRef]

119. Russell, W.R.; Gratz, S.W.; Duncan, S.H.; Holtrop, G.; Ince, J.; Scobbie, L.; Duncan, G.; Johnstone, A.M.; Lobley, G.E.; Wallace, R.J.;
et al. High-protein, reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be detrimental to colonic health.
Am. J. Clin. Nutr. 2011, 93, 1062–1072. [CrossRef]

120. Murphy, E.F.; Cotter, P.D.; Healy, S.; Marques, T.M.; O’Sullivan, O.; Fouhy, F.; Clarke, S.F.; O’Toole, P.W.; Quigley, E.M.;
Stanton, C.; et al. Composition and energy harvesting capacity of the gut microbiota: Relationship to diet, obesity and time in
mouse models. Gut 2010, 59, 1635–1642. [CrossRef]

121. Hildebrandt, M.A.; Hoffmann, C.; Sherrill-Mix, S.A.; Keilbaugh, S.A.; Hamady, M.; Chen, Y.Y.; Knight, R.; Ahima, R.S.;
Bushman, F.; Wu, G.D. High-fat diet determines the composition of the murine gut microbiome independently of obesity.
Gastroenterology 2009, 137, 1716–1724.e1712. [CrossRef]

122. Senghor, B.; Sokhna, C.; Ruimy, R.; Lagier, J.-C. Gut microbiota diversity according to dietary habits and geographical provenance.
Hum. Microbiome J. 2018, 7–8, 1–9. [CrossRef]

123. Shaheen, S.O.; Jameson, K.A.; Syddall, H.E.; Aihie Sayer, A.; Dennison, E.M.; Cooper, C.; Robinson, S.M.; Group, T.H.C.S. The
relationship of dietary patterns with adult lung function and COPD. Eur. Respir. J. 2010, 36, 277–284. [CrossRef] [PubMed]

124. Kaluza, J.; Harris, H.; Wallin, A.; Linden, A.; Wolk, A. Dietary Fiber Intake and Risk of Chronic Obstructive Pulmonary Disease:
A Prospective Cohort Study of Men. Epidemiology 2018, 29, 254–260. [CrossRef] [PubMed]

125. Kaluza, J.; Larsson, S.C.; Orsini, N.; Linden, A.; Wolk, A. Fruit and vegetable consumption and risk of COPD: A prospective
cohort study of men. Thorax 2017, 72, 500–509. [CrossRef] [PubMed]

126. Kaluza, J.; Harris, H.R.; Linden, A.; Wolk, A. Long-term consumption of fruits and vegetables and risk of chronic obstructive
pulmonary disease: A prospective cohort study of women. Int. J. Epidemiol. 2018, 47, 1897–1909. [CrossRef]

127. Richards, L.B.; Li, M.; Folkerts, G.; Henricks, P.A.J.; Garssen, J.; van Esch, B.C.A.M. Butyrate and Propionate Restore the Cytokine
and House Dust Mite Compromised Barrier Function of Human Bronchial Airway Epithelial Cells. Int. J. Mol. Sci. 2020, 22, 65.
[CrossRef]

128. Tatsuta, M.; Kan-o, K.; Ishii, Y.; Yamamoto, N.; Ogawa, T.; Fukuyama, S.; Ogawa, A.; Fujita, A.; Nakanishi, Y.; Matsumoto, K.
Effects of cigarette smoke on barrier function and tight junction proteins in the bronchial epithelium: Protective role of cathelicidin
LL-37. Respir. Res. 2019, 20, 251. [CrossRef]

129. Li, N.; Dai, Z.; Wang, Z.; Deng, Z.; Zhang, J.; Pu, J.; Cao, W.; Pan, T.; Zhou, Y.; Yang, Z.; et al. Gut microbiota dysbiosis contributes
to the development of chronic obstructive pulmonary disease. Respir. Res. 2021, 22, 274. [CrossRef]

http://doi.org/10.1002/ibd.21864
http://doi.org/10.3390/jcm7090282
http://doi.org/10.1186/s12931-020-01529-3
http://doi.org/10.1111/j.1365-2672.2007.03400.x
http://doi.org/10.1128/AEM.70.10.6113-6122.2004
http://doi.org/10.1513/AnnalsATS.201503-133AW
http://doi.org/10.1038/oby.2009.167
http://doi.org/10.1371/journal.pone.0007125
http://www.ncbi.nlm.nih.gov/pubmed/19774074
http://doi.org/10.1038/4441022a
http://www.ncbi.nlm.nih.gov/pubmed/17183309
http://doi.org/10.1073/pnas.1005963107
http://doi.org/10.3390/nu12072127
http://www.ncbi.nlm.nih.gov/pubmed/32708978
http://doi.org/10.1089/jmf.2012.0292
http://www.ncbi.nlm.nih.gov/pubmed/24044495
http://doi.org/10.1128/mBio.02566-18
http://doi.org/10.3945/ajcn.110.002188
http://doi.org/10.1136/gut.2010.215665
http://doi.org/10.1053/j.gastro.2009.08.042
http://doi.org/10.1016/j.humic.2018.01.001
http://doi.org/10.1183/09031936.00114709
http://www.ncbi.nlm.nih.gov/pubmed/20075056
http://doi.org/10.1097/EDE.0000000000000750
http://www.ncbi.nlm.nih.gov/pubmed/28901975
http://doi.org/10.1136/thoraxjnl-2015-207851
http://www.ncbi.nlm.nih.gov/pubmed/28228486
http://doi.org/10.1093/ije/dyy178
http://doi.org/10.3390/ijms22010065
http://doi.org/10.1186/s12931-019-1226-4
http://doi.org/10.1186/s12931-021-01872-z


Int. J. Mol. Sci. 2022, 23, 4768 20 of 23

130. Chiu, Y.C.; Lee, S.W.; Liu, C.W.; Lin, R.C.; Huang, Y.C.; Lan, T.Y.; Wu, L.S. Comprehensive profiling of the gut microbiota in
patients with chronic obstructive pulmonary disease of varying severity. PLoS ONE 2021, 16, e0249944. [CrossRef]

131. Karavaeva, T.M.; Maksimenya, M.V.; Tereshkov, P.P.; Gaimolenko, I.N.; Medvedeva, T.A.; Parshina, A.A. Long-chain fatty acids
and short-chain fatty acids in exhaled breath condensate of patients with chronic obstructive pulmonary disease. Biomed. Khim.
2021, 67, 169–174. [CrossRef]

132. Ardatskaya, M.D.; Ponomareva, E.V.; Shevtsov, V.V.; Evdokimova, S.A.; Odintsov, S.V. Diagnostic and tactical importance of
studying short chain fatty acids in different biological substrates took place in patients with chronic obstructive pulmonary
disease, lung cancer and community-acquired pneumonia developed after anticancer therapy. Exp. Clin. Gastroenterol. 2016, 11,
17–25.

133. Zolnikova, O.Y.; Kokina, N.I.; Trukhmanov, A.S.; Ivashkin, V.T. Intestinal Short-Chain Fatty Acids in Patients with Bronchial
Asthma. Russ. J. Gastroenterol. Hepatol. Coloproctol. 2019, 29, 53–59. [CrossRef]

134. Agarwal, A.K.; Raja, A.; Brown, B.D. Chronic Obstructive Pulmonary Disease; StatPearls Publishing: Treasure Island, FL, USA, 2022.
135. Roche, N.; Devillier, P.; Berger, P.; Bourdin, A.; Dusser, D.; Muir, J.-F.; Martinat, Y.; Terrioux, P.; Housset, B. Individual trajectory-

based care for COPD: Getting closer, but not there yet. ERJ Open Res. 2021, 7, 00451–02021. [CrossRef] [PubMed]
136. Marott, J.L.; Ingebrigtsen, T.S.; Çolak, Y.; Vestbo, J.; Lange, P. Lung Function Trajectories Leading to Chronic Obstructive

Pulmonary Disease as Predictors of Exacerbations and Mortality. Am. J. Respir. Crit. Care Med. 2020, 202, 210–218. [CrossRef]
137. Agustí, A.; Celli, B. Natural history of COPD: Gaps and opportunities. ERJ Open Res. 2017, 3, 00117–02017. [CrossRef] [PubMed]
138. Mannino, D.M.; Watt, G.; Hole, D.; Gillis, C.; Hart, C.; McConnachie, A.; Davey Smith, G.; Upton, M.; Hawthorne, V.;

Sin, D.D.; et al. The natural history of chronic obstructive pulmonary disease. Eur. Respir. J. 2006, 27, 627–643. [CrossRef]
[PubMed]

139. Lange, P.; Ahmed, E.; Lahmar, Z.M.; Martinez, F.J.; Bourdin, A. Natural history and mechanisms of COPD. Respirology 2021, 26,
298–321. [CrossRef]

140. Corlateanu, A.; Mendez, Y.; Wang, Y.; Garnica, R.d.J.A.; Botnaru, V.; Siafakas, N. Chronic obstructive pulmonary disease and
phenotypes: A state-of-the-art. Pulmonology 2020, 26, 95–100. [CrossRef]

141. Mirza, S.; Benzo, R. Chronic Obstructive Pulmonary Disease Phenotypes: Implications for Care. Mayo Clin. Proc. 2017, 92,
1104–1112. [CrossRef]

142. Coxson, H.O.; Chan, I.H.T.; Mayo, J.R.; Hlynsky, J.; Nakano, Y.; Birmingham, C.L. Early Emphysema in Patients with Anorexia
Nervosa. Am. J. Respir. Crit. Care Med. 2004, 170, 748–752. [CrossRef]

143. Fliederbaum, J.; Heller, A.; Zweibaun, K.; Zarchi, J. Clinical aspects of hunger disease in adults. Curr. Concepts Nutr. 1979, 7,
11–43.

144. Wright, J.L.; Cosio, M.; Churg, A. Animal models of chronic obstructive pulmonary disease. Am. J. Physiol. Lung Cell. Mol. Physiol.
2008, 295, L1–L15. [CrossRef] [PubMed]

145. Reed, K.K.; Abbaspour, A.; Bulik, C.M.; Carroll, I.M. The intestinal microbiota and anorexia nervosa: Cause or consequence of
nutrient deprivation. Curr. Opin. Endocr. Metab. Res. 2021, 19, 46–51. [CrossRef] [PubMed]

146. Mack, I.; Cuntz, U.; Grämer, C.; Niedermaier, S.; Pohl, C.; Schwiertz, A.; Zimmermann, K.; Zipfel, S.; Enck, P.; Penders, J.
Weight gain in anorexia nervosa does not ameliorate the faecal microbiota, branched chain fatty acid profiles and gastrointestinal
complaints. Sci. Rep. 2016, 6, 26752. [CrossRef] [PubMed]

147. Jang, Y.O.; Kim, O.-H.; Kim, S.J.; Lee, S.H.; Yun, S.; Lim, S.E.; Yoo, H.J.; Shin, Y.; Lee, S.W. High-fiber diets attenuate emphysema
development via modulation of gut microbiota and metabolism. Sci. Rep. 2021, 11, 7008. [CrossRef]

148. Karoor, V.; Strassheim, D.; Sullivan, T.; Verin, A.; Umapathy, N.S.; Dempsey, E.C.; Frank, D.N.; Stenmark, K.R.; Gerasimovskaya, E.
The Short-Chain Fatty Acid Butyrate Attenuates Pulmonary Vascular Remodeling and Inflammation in Hypoxia-Induced
Pulmonary Hypertension. Int. J. Mol. Sci. 2021, 22, 9916. [CrossRef]

149. Petrache, I.; Petrusca, D.N. The involvement of sphingolipids in chronic obstructive pulmonary diseases. Handb. Exp. Pharmacol.
2013, 216, 247–264. [CrossRef]

150. Yuan, X.; Wang, L.; Bhat, O.M.; Lohner, H.; Li, P.-L. Differential effects of short chain fatty acids on endothelial Nlrp3 inflammasome
activation and neointima formation: Antioxidant action of butyrate. Redox Biol. 2018, 16, 21–31. [CrossRef]

151. Ogawa, H.; Rafiee, P.; Fisher, P.J.; Johnson, N.A.; Otterson, M.F.; Binion, D.G. Sodium butyrate inhibits angiogenesis of human
intestinal microvascular endothelial cells through COX-2 inhibition. FEBS Lett. 2003, 554, 88–94. [CrossRef]

152. Kim, S.H.; Kim, K.W.; Jeong, J.W. Inhibition of hypoxia-induced angiogenesis by sodium butyrate, a histone deacetylase inhibitor,
through hypoxia-inducible factor-1alpha suppression. Oncol. Rep. 2007, 17, 793–797.

153. Morikawa, A.; Sugiyama, T.; Koide, N.; Mori, I.; Mu, M.M.; Yoshida, T.; Hassan, F.; Islam, S.; Yokochi, T. Butyrate enhances the
production of nitric oxide in mouse vascular endothelial cells in response to gamma interferon. J. Endotoxin. Res. 2004, 10, 32–38.
[CrossRef]

154. Robles-Vera, I.; Toral, M.; de la Visitación, N.; Aguilera-Sánchez, N.; Redondo, J.M.; Duarte, J. Protective Effects of Short-Chain
Fatty Acids on Endothelial Dysfunction Induced by Angiotensin II. Front. Physiol. 2020, 11, 277. [CrossRef] [PubMed]

155. Tomoda, K.; Kubo, K.; Dairiki, K.; Yamaji, T.; Yamamoto, Y.; Nishii, Y.; Nakamura, A.; Yoshikawa, M.; Hamada, K.; Kimura, H.
Whey peptide-based enteral diet attenuated elastase-induced emphysema with increase in short chain fatty acids in mice. BMC
Pulm. Med. 2015, 15, 64. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0249944
http://doi.org/10.18097/pbmc20216702169
http://doi.org/10.22416/1382-4376-2019-29-2-53-59
http://doi.org/10.1183/23120541.00451-2021
http://www.ncbi.nlm.nih.gov/pubmed/34912881
http://doi.org/10.1164/rccm.201911-2115OC
http://doi.org/10.1183/23120541.00117-2017
http://www.ncbi.nlm.nih.gov/pubmed/29255718
http://doi.org/10.1183/09031936.06.00024605
http://www.ncbi.nlm.nih.gov/pubmed/16507865
http://doi.org/10.1111/resp.14007
http://doi.org/10.1016/j.pulmoe.2019.10.006
http://doi.org/10.1016/j.mayocp.2017.03.020
http://doi.org/10.1164/rccm.200405-651OC
http://doi.org/10.1152/ajplung.90200.2008
http://www.ncbi.nlm.nih.gov/pubmed/18456796
http://doi.org/10.1016/j.coemr.2021.06.003
http://www.ncbi.nlm.nih.gov/pubmed/34458645
http://doi.org/10.1038/srep26752
http://www.ncbi.nlm.nih.gov/pubmed/27229737
http://doi.org/10.1038/s41598-021-86404-x
http://doi.org/10.3390/ijms22189916
http://doi.org/10.1007/978-3-7091-1511-4_12
http://doi.org/10.1016/j.redox.2018.02.007
http://doi.org/10.1016/S0014-5793(03)01110-4
http://doi.org/10.1179/096805104225003852
http://doi.org/10.3389/fphys.2020.00277
http://www.ncbi.nlm.nih.gov/pubmed/32372967
http://doi.org/10.1186/s12890-015-0059-2
http://www.ncbi.nlm.nih.gov/pubmed/26059026


Int. J. Mol. Sci. 2022, 23, 4768 21 of 23

156. Jang, Y.O.; Lee, S.H.; Choi, J.J.; Kim, D.-H.; Choi, J.-M.; Kang, M.-J.; Oh, Y.-M.; Park, Y.-J.; Shin, Y.; Lee, S.W. Fecal microbial
transplantation and a high fiber diet attenuates emphysema development by suppressing inflammation and apoptosis. Exp. Mol.
Med. 2020, 52, 1128–1139. [CrossRef] [PubMed]

157. Dransfield, M.T.; Kunisaki, K.M.; Strand, M.J.; Anzueto, A.; Bhatt, S.P.; Bowler, R.P.; Criner, G.J.; Curtis, J.L.; Hanania, N.A.;
Nath, H.; et al. Acute Exacerbations and Lung Function Loss in Smokers with and without Chronic Obstructive Pulmonary
Disease. Am. J. Respir. Crit. Care Med. 2017, 195, 324–330. [CrossRef]

158. Hurst, J.R.; Vestbo, J.; Anzueto, A.; Locantore, N.; Müllerova, H.; Tal-Singer, R.; Miller, B.; Lomas, D.A.; Agusti, A.; MacNee, W.;
et al. Susceptibility to Exacerbation in Chronic Obstructive Pulmonary Disease. N. Engl. J. Med. 2010, 363, 1128–1138. [CrossRef]

159. Sadatsafavi, M.; Xie, H.; Etminan, M.; Johnson, K.; FitzGerald, J.M.; Network, C.R.R. The association between previous and future
severe exacerbations of chronic obstructive pulmonary disease: Updating the literature using robust statistical methodology.
PLoS ONE 2018, 13, e0191243. [CrossRef]

160. Barnes, P.J. Inflammatory endotypes in COPD. Allergy 2019, 74, 1249–1256. [CrossRef]
161. Han, M.K.; Quibrera, P.M.; Carretta, E.E.; Barr, R.G.; Bleecker, E.R.; Bowler, R.P.; Cooper, C.B.; Comellas, A.; Couper, D.J.;

Curtis, J.L.; et al. Frequency of exacerbations in patients with chronic obstructive pulmonary disease: An analysis of the
SPIROMICS cohort. Lancet Respir. Med. 2017, 5, 619–626. [CrossRef]

162. Kotlyarov, S.; Kotlyarova, A. Molecular Mechanisms of Lipid Metabolism Disorders in Infectious Exacerbations of Chronic
Obstructive Pulmonary Disease. Int. J. Mol. Sci. 2021, 22, 7634. [CrossRef]

163. Madan, J.C.; Koestler, D.C.; Stanton, B.A.; Davidson, L.; Moulton, L.A.; Housman, M.L.; Moore, J.H.; Guill, M.F.; Morrison, H.G.;
Sogin, M.L.; et al. Serial Analysis of the Gut and Respiratory Microbiome in Cystic Fibrosis in Infancy: Interaction between
Intestinal and Respiratory Tracts and Impact of Nutritional Exposures. MBio 2012, 3, e00251-12. [CrossRef]

164. Trompette, A.; Gollwitzer, E.S.; Yadava, K.; Sichelstiel, A.K.; Sprenger, N.; Ngom-Bru, C.; Blanchard, C.; Junt, T.; Nicod, L.P.;
Harris, N.L.; et al. Gut microbiota metabolism of dietary fiber influences allergic airway disease and hematopoiesis. Nat. Med.
2014, 20, 159–166. [CrossRef] [PubMed]

165. Machado, M.G.; Sencio, V.; Trottein, F.; Bäumler, A.J. Short-Chain Fatty Acids as a Potential Treatment for Infections: A Closer
Look at the Lungs. Infect. Immun. 2021, 89, e00188-21. [CrossRef] [PubMed]

166. Bernard, H.; Desseyn, J.L.; Gottrand, F.; Stahl, B.; Bartke, N.; Husson, M.O. Pectin-Derived Acidic Oligosaccharides Improve the
Outcome of Pseudomonas aeruginosa Lung Infection in C57BL/6 Mice. PLoS ONE 2015, 10, e0139686. [CrossRef] [PubMed]

167. Sun, Z.; Zhu, Q.L.; Shen, Y.; Yan, T.; Zhou, X. Dynamic changes of gut and lung microorganisms during chronic obstructive
pulmonary disease exacerbations. Kaohsiung J. Med. Sci. 2020, 36, 107–113. [CrossRef] [PubMed]

168. Wu, Y.; Luo, Z.; Liu, C. Variations in fecal microbial profiles of acute exacerbations and stable chronic obstructive pulmonary
disease. Life Sci. 2021, 265, 118738. [CrossRef]

169. Korpela, K.; Salonen, A.; Virta, L.J.; Kekkonen, R.A.; Forslund, K.; Bork, P.; de Vos, W.M. Intestinal microbiome is related to
lifetime antibiotic use in Finnish pre-school children. Nat. Commun. 2016, 7, 10410. [CrossRef]

170. Russell, S.L.; Gold, M.J.; Hartmann, M.; Willing, B.P.; Thorson, L.; Wlodarska, M.; Gill, N.; Blanchet, M.-R.; Mohn, W.W.;
McNagny, K.M.; et al. Early life antibiotic-driven changes in microbiota enhance susceptibility to allergic asthma. EMBO Rep.
2012, 13, 440–447. [CrossRef]

171. Shin, M.-K.; Kwak, S.H.; Park, Y.; Jung, J.Y.; Kim, Y.S.; Kang, Y.A. Association between Dietary Patterns and Chronic Obstructive
Pulmonary Disease in Korean Adults: The Korean Genome and Epidemiology Study. Nutrients 2021, 13, 4348. [CrossRef]

172. De Filippis, F.; Pellegrini, N.; Vannini, L.; Jeffery, I.B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I.; Di Cagno, R.; Ferrocino, I.;
Lazzi, C.; et al. High-level adherence to a Mediterranean diet beneficially impacts the gut microbiota and associated metabolome.
Gut 2016, 65, 1812–1821. [CrossRef]

173. Wood, L.G.; Attia, J.; McElduff, P.; McEvoy, M.; Gibson, P.G. Assessment of dietary fat intake and innate immune activation as
risk factors for impaired lung function. Eur. J. Clin. Nutr. 2010, 64, 818–825. [CrossRef]

174. Brigham, E.P.; Steffen, L.M.; London, S.J.; Boyce, D.; Diette, G.B.; Hansel, N.N.; Rice, J.; McCormack, M.C. Diet Pattern and
Respiratory Morbidity in the Atherosclerosis Risk in Communities Study. Ann. Am. Thorac. Soc. 2018, 15, 675–682. [CrossRef]
[PubMed]

175. Varraso, R.; Fung, T.T.; Hu, F.B.; Willett, W.; Camargo, C.A. Prospective study of dietary patterns and chronic obstructive
pulmonary disease among US men. Thorax 2007, 62, 786–791. [CrossRef] [PubMed]

176. Varraso, R.; Fung, T.T.; Barr, R.G.; Hu, F.B.; Willett, W.; Camargo, C.A., Jr. Prospective study of dietary patterns and chronic
obstructive pulmonary disease among US women. Am. J. Clin. Nutr. 2007, 86, 488–495. [CrossRef]

177. Zheng, P.F.; Shu, L.; Si, C.J.; Zhang, X.Y.; Yu, X.L.; Gao, W. Dietary Patterns and Chronic Obstructive Pulmonary Disease: A
Meta-analysis. COPD: J. Chronic Obstr. Pulm. Dis. 2016, 13, 515–522. [CrossRef] [PubMed]

178. Chiu, Y.-C.; Lee, S.-W.; Liu, C.-W.; Lan, T.-Y.; Wu, L.S.-H. Relationship between gut microbiota and lung function decline in
patients with chronic obstructive pulmonary disease: A 1-year follow-up study. Respir. Res. 2022, 23, 10. [CrossRef]

179. Begley, L.; Madapoosi, S.; Opron, K.; Ndum, O.; Baptist, A.; Rysso, K.; Erb-Downward, J.R.; Huang, Y.J. Gut microbiota
relationships to lung function and adult asthma phenotype: A pilot study. BMJ Open Respir. Res. 2018, 5, e000324. [CrossRef]

180. Halnes, I.; Baines, K.J.; Berthon, B.S.; MacDonald-Wicks, L.K.; Gibson, P.G.; Wood, L.G. Soluble Fibre Meal Challenge Reduces
Airway Inflammation and Expression of GPR43 and GPR41 in Asthma. Nutrients 2017, 9, 57. [CrossRef]

http://doi.org/10.1038/s12276-020-0469-y
http://www.ncbi.nlm.nih.gov/pubmed/32681029
http://doi.org/10.1164/rccm.201605-1014OC
http://doi.org/10.1056/NEJMoa0909883
http://doi.org/10.1371/journal.pone.0191243
http://doi.org/10.1111/all.13760
http://doi.org/10.1016/S2213-2600(17)30207-2
http://doi.org/10.3390/ijms22147634
http://doi.org/10.1128/mBio.00251-12
http://doi.org/10.1038/nm.3444
http://www.ncbi.nlm.nih.gov/pubmed/24390308
http://doi.org/10.1128/IAI.00188-21
http://www.ncbi.nlm.nih.gov/pubmed/34097474
http://doi.org/10.1371/journal.pone.0139686
http://www.ncbi.nlm.nih.gov/pubmed/26599638
http://doi.org/10.1002/kjm2.12147
http://www.ncbi.nlm.nih.gov/pubmed/31782610
http://doi.org/10.1016/j.lfs.2020.118738
http://doi.org/10.1038/ncomms10410
http://doi.org/10.1038/embor.2012.32
http://doi.org/10.3390/nu13124348
http://doi.org/10.1136/gutjnl-2015-309957
http://doi.org/10.1038/ejcn.2010.68
http://doi.org/10.1513/AnnalsATS.201707-571OC
http://www.ncbi.nlm.nih.gov/pubmed/29446981
http://doi.org/10.1136/thx.2006.074534
http://www.ncbi.nlm.nih.gov/pubmed/17504819
http://doi.org/10.1093/ajcn/86.2.488
http://doi.org/10.3109/15412555.2015.1098606
http://www.ncbi.nlm.nih.gov/pubmed/26678388
http://doi.org/10.1186/s12931-022-01928-8
http://doi.org/10.1136/bmjresp-2018-000324
http://doi.org/10.3390/nu9010057


Int. J. Mol. Sci. 2022, 23, 4768 22 of 23

181. Wood, L.G. Omega-3 polyunsaturated fatty acids and chronic obstructive pulmonary disease. Curr. Opin. Clin. Nutr. Metab. Care
2015, 18, 128–132. [CrossRef]

182. Dirjayanto, V.J. Evidence on the Efficacy of Omega-3 Polyunsaturated Fatty Acids as an Adjunct Therapy for Chronic Obstructive
Pulmonary Disease. J. Asian Med. Stud. Assoc. 2021, 9, 1. [CrossRef]

183. Szmidt, M.K.; Kaluza, J.; Harris, H.R.; Linden, A.; Wolk, A. Long-term dietary fiber intake and risk of chronic obstructive
pulmonary disease: A prospective cohort study of women. Eur. J. Nutr. 2020, 59, 1869–1879. [CrossRef]

184. Rozenbloom, S.R.; Fernandes, J.; Wolever, T.M. Short chain fatty acid absorption in lean vs obese humans. FASEB J. 2012, 26, lb307.
[CrossRef]

185. Fernandes, J.; Su, W.; Rahat-Rozenbloom, S.; Wolever, T.M.S.; Comelli, E.M. Adiposity, gut microbiota and faecal short chain fatty
acids are linked in adult humans. Nutr. Diabetes 2014, 4, e121. [CrossRef] [PubMed]

186. Kimura, I.; Ozawa, K.; Inoue, D.; Imamura, T.; Kimura, K.; Maeda, T.; Terasawa, K.; Kashihara, D.; Hirano, K.; Tani, T.; et al. The
gut microbiota suppresses insulin-mediated fat accumulation via the short-chain fatty acid receptor GPR43. Nat. Commun. 2013,
4, 1829. [CrossRef] [PubMed]

187. Gephine, S.; Mucci, P.; Grosbois, J.-M.; Maltais, F.; Saey, D. Physical Frailty in COPD Patients with Chronic Respiratory Failure.
Int. J. Chronic Obstr. Pulm. Dis. 2021, 16, 1381–1392. [CrossRef]

188. Lee, S.Y.; Nyunt, M.S.Z.; Gao, Q.; Gwee, X.; Chua, D.Q.L.; Yap, K.B.; Wee, S.L.; Ng, T.P. Co-occurrence of Physical Frailty and
COPD and Association With Disability and Mortality: Singapore Longitudinal Ageing Study. Chest 2021, S0012-3692(21)05081-9.
[CrossRef]

189. Chen, X.; Mao, G.; Leng, S.X. Frailty syndrome: An overview. Clin. Interv. Aging 2014, 9, 433–441. [CrossRef]
190. Lauretani, F.; Longobucco, Y.; Ferrari Pellegrini, F.; De Iorio, A.M.; Fazio, C.; Federici, R.; Gallini, E.; La Porta, U.; Ravazzoni, G.;

Roberti, M.F.; et al. Comprehensive Model for Physical and Cognitive Frailty: Current Organization and Unmet Needs. Front.
Psychol. 2020, 11, 569629. [CrossRef]

191. Claesson, M.J.; Jeffery, I.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.; Coakley, M.; Lakshminarayanan,
B.; O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178–184.
[CrossRef]

192. Jackson, M.A.; Jeffery, I.B.; Beaumont, M.; Bell, J.T.; Clark, A.G.; Ley, R.E.; O’Toole, P.W.; Spector, T.D.; Steves, C.J. Signatures of
early frailty in the gut microbiota. Genome Med. 2016, 8, 8. [CrossRef]

193. Clark, A.; Mach, N. The Crosstalk between the Gut Microbiota and Mitochondria during Exercise. Front. Physiol. 2017, 8, 319.
[CrossRef]

194. Frampton, J.; Murphy, K.G.; Frost, G.; Chambers, E.S. Short-chain fatty acids as potential regulators of skeletal muscle metabolism
and function. Nat. Metab. 2020, 2, 840–848. [CrossRef] [PubMed]

195. Ticinesi, A.; Lauretani, F.; Milani, C.; Nouvenne, A.; Tana, C.; Del Rio, D.; Maggio, M.; Ventura, M.; Meschi, T. Aging Gut
Microbiota at the Cross-Road between Nutrition, Physical Frailty, and Sarcopenia: Is There a Gut-Muscle Axis? Nutrients 2017,
9, 1303. [CrossRef] [PubMed]

196. Walsh, M.E.; Bhattacharya, A.; Sataranatarajan, K.; Qaisar, R.; Sloane, L.; Rahman, M.M.; Kinter, M.; Van Remmen, H. The histone
deacetylase inhibitor butyrate improves metabolism and reduces muscle atrophy during aging. Aging Cell 2015, 14, 957–970.
[CrossRef] [PubMed]

197. SSzczesniak, O.; Hestad, K.A.; Hanssen, J.F.; Rudi, K. Isovaleric acid in stool correlates with human depression. Nutr. Neurosci.
2016, 19, 279–283. [CrossRef] [PubMed]

198. Dinan, T.G.; Cryan, J.F. Gut instincts: Microbiota as a key regulator of brain development, ageing and neurodegeneration.
J. Physiol. 2017, 595, 489–503. [CrossRef] [PubMed]

199. Kelly, J.R.; Minuto, C.; Cryan, J.F.; Clarke, G.; Dinan, T.G. Cross Talk: The Microbiota and Neurodevelopmental Disorders. Front.
Neurosci. 2017, 11, 490. [CrossRef]

200. Sharon, G.; Sampson, T.R.; Geschwind, D.H.; Mazmanian, S.K. The Central Nervous System and the Gut Microbiome. Cell 2016,
167, 915–932. [CrossRef]

201. Deng, F.-L.; Pan, J.-X.; Zheng, P.; Xia, J.-J.; Yin, B.-M.; Liang, W.-W.; Li, Y.-F.; Wu, J.; Xu, F.; Wu, Q.-Y.; et al. Metabonomics reveals
peripheral and central short-chain fatty acid and amino acid dysfunction in a naturally occurring depressive model of macaques.
Neuropsychiatr. Dis. Treat. 2019, 15, 1077–1088. [CrossRef]
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Kaczmarczyk, M.; Marlicz, W.; Czerwińska-Rogowska, M.; et al. Faecal Short Chain Fatty Acids Profile is Changed in Polish
Depressive Women. Nutrients 2018, 10, 1939. [CrossRef]

203. Perry, R.J.; Peng, L.; Barry, N.A.; Cline, G.W.; Zhang, D.; Cardone, R.L.; Petersen, K.F.; Kibbey, R.G.; Goodman, A.L.; Shulman, G.I.
Acetate mediates a microbiome-brain-β-cell axis to promote metabolic syndrome. Nature 2016, 534, 213–217. [CrossRef]

204. Valvassori, S.S.; Resende, W.R.; Budni, J.; Dal-Pont, G.C.; Bavaresco, D.V.; Réus, G.Z.; Carvalho, A.F.; Gonçalves, C.L.;
Furlanetto, C.B.; Streck, E.L.; et al. Sodium Butyrate, a Histone Deacetylase Inhibitor, Reverses Behavioral and Mitochon-
drial Alterations in Animal Models of Depression Induced by Early- or Late-life Stress. Curr. Neurovasc. Res. 2015, 12, 312–320.
[CrossRef] [PubMed]

http://doi.org/10.1097/MCO.0000000000000142
http://doi.org/10.52629/jamsa.v9i1.238
http://doi.org/10.1007/s00394-019-02038-w
http://doi.org/10.1096/fasebj.26.1_supplement.lb307
http://doi.org/10.1038/nutd.2014.23
http://www.ncbi.nlm.nih.gov/pubmed/24979150
http://doi.org/10.1038/ncomms2852
http://www.ncbi.nlm.nih.gov/pubmed/23652017
http://doi.org/10.2147/COPD.S295885
http://doi.org/10.1016/j.chest.2021.12.633
http://doi.org/10.2147/CIA.S45300
http://doi.org/10.3389/fpsyg.2020.569629
http://doi.org/10.1038/nature11319
http://doi.org/10.1186/s13073-016-0262-7
http://doi.org/10.3389/fphys.2017.00319
http://doi.org/10.1038/s42255-020-0188-7
http://www.ncbi.nlm.nih.gov/pubmed/32694821
http://doi.org/10.3390/nu9121303
http://www.ncbi.nlm.nih.gov/pubmed/29189738
http://doi.org/10.1111/acel.12387
http://www.ncbi.nlm.nih.gov/pubmed/26290460
http://doi.org/10.1179/1476830515Y.0000000007
http://www.ncbi.nlm.nih.gov/pubmed/25710209
http://doi.org/10.1113/JP273106
http://www.ncbi.nlm.nih.gov/pubmed/27641441
http://doi.org/10.3389/fnins.2017.00490
http://doi.org/10.1016/j.cell.2016.10.027
http://doi.org/10.2147/NDT.S186071
http://doi.org/10.3390/nu10121939
http://doi.org/10.1038/nature18309
http://doi.org/10.2174/1567202612666150728121121
http://www.ncbi.nlm.nih.gov/pubmed/26216027


Int. J. Mol. Sci. 2022, 23, 4768 23 of 23

205. Valvassori, S.S.; Varela, R.B.; Arent, C.O.; Dal-Pont, G.C.; Bobsin, T.S.; Budni, J.; Reus, G.Z.; Quevedo, J. Sodium butyrate functions
as an antidepressant and improves cognition with enhanced neurotrophic expression in models of maternal deprivation and
chronic mild stress. Curr. Neurovasc. Res. 2014, 11, 359–366. [CrossRef] [PubMed]

206. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef] [PubMed]

207. Zhai, T.; Li, S.; Hu, W.; Li, D.; Leng, S. Potential Micronutrients and Phytochemicals against the Pathogenesis of Chronic
Obstructive Pulmonary Disease and Lung Cancer. Nutrients 2018, 10, 813. [CrossRef] [PubMed]

208. Pearson, P.; Britton, J.; McKeever, T.; Lewis, S.A.; Weiss, S.; Pavord, I.; Fogarty, A. Lung function and blood levels of copper,
selenium, vitamin C and vitamin E in the general population. Eur. J. Clin. Nutr. 2005, 59, 1043–1048. [CrossRef]

209. Mekal, D.; Czerw, A.; Deptala, A. Dietary Behaviour and Nutrition in Patients with COPD Treated with Long-Term Oxygen
Therapy. Int. J. Environ. Res. Public Health 2021, 18, 12793. [CrossRef]

http://doi.org/10.2174/1567202611666140829162158
http://www.ncbi.nlm.nih.gov/pubmed/25233278
http://doi.org/10.3389/fendo.2020.00025
http://www.ncbi.nlm.nih.gov/pubmed/32082260
http://doi.org/10.3390/nu10070813
http://www.ncbi.nlm.nih.gov/pubmed/29941777
http://doi.org/10.1038/sj.ejcn.1602209
http://doi.org/10.3390/ijerph182312793

	Introduction 
	Short-Chain Fatty Acids 
	Production of SCFAs 
	SCFAs Transport 
	SCFAs Signal Transduction 
	Participation of SCFAs in the Regulation of Metabolic and Immune processes 

	Relationship between Gut Microbiota, Diet and Short-Chain Fatty Acid Production 
	Clinical Significance of Short-Chain Fatty Acids in the Pathogenesis of COPD 
	Clinical Significance of Short-Chain Fatty Acids in the Pathogenesis of COPD 
	Role of Short-Chain Fatty Acids in the Development of Emphysema 
	Role of Short-Chain Fatty Acids in COPD Exacerbations 
	Role of Short-Chain Fatty Acids in the Decline of Lung Function 
	Short-Chain Fatty Acids, Body Weight, and Physical Frailty Phenotype 
	Short-Chain Fatty Acids, the Central Nervous System, and the COPD Emotional Fragility Phenotype 

	Conclusion 
	References

