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ABSTRACT

The gut microbiota is a complex and dynamic ecosystem
known as the ‘second brain’. Composing the microbiota-
gut-brain axis, the gut microbiota and its metabolites
regulate the central nervous system through neural,
endocrine and immune pathways to ensure the normal
functioning of the organism, tuning individuals’ health and
disease status. Short-chain fatty acids (SCFAs), the main
bioactive metabolites of the gut microbiota, are involved in
several neuropsychiatric disorders, including depression.
SCFAs have essential effects on each component of the
microbiota-gut-brain axis in depression. In the present
review, the roles of major SCFAs (acetate, propionate

and butyrate) in the pathophysiology of depression

are summarised with respect to chronic cerebral
hypoperfusion, neuroinflammation, host epigenome and
neuroendocrine alterations. Concluding remarks on the
biological mechanisms related to gut microbiota will
hopefully address the clinical value of microbiota-related
treatments for depression.

INTRODUCTION

Depression is a ubiquitous and debili-
tating neuropsychiatric disease that impairs
behaviour, feelings, thoughts and overall
well-being.! According to the Diagnostic
and Statistical Manual of Mental Disorders
(fifth edition), five or more depressive symp-
toms within a 2-week period are required
to determine the presence of a depressive
episode, including depressed mood or anhe-
donia (loss of interest or pleasure), appetite
or weight disturbance, insomnia or hyper-
somnia, poor concentration, fatigue or loss
of energy, psychomotor agitation or retarda-
tion, feelings of worthlessness or excessive
guilt and suicidality.” Globally, approximately
280 million people, that is, 3.8% of the total
population worldwide, suffer from depres-
sion, which has become the third leading
cause of disability.” The pathophysiology of
depression is an intricate process involving
neural, endocrinal and immune pathways.*

With a deeper understanding of the patho-
genesis of depression, recent research has
revealed an essential role of gut microbiota
in depression.

The gut microbiota is a dynamic organ
that affects the activities of the autonomic
nervous, enteric, neuroendocrinal and
immune systems.” The gut microbiota partic-
ipates in the maintenance of the intestinal
barrier, fibre metabolism, vitamin synthesis
and drug metabolism.”™ Beyond its effects
on material metabolism, the gut microbiota
affects the nervous system by regulating
the  hypothalamic-pituitary-adrenal  axis
(HPA) and producing neurologically active
substances.” '’ The interaction between the
central nervous system (CNS) and gut micro-
biota is termed the microbiota-gut-brain axis.
A growing body of research reveals a complex
interplay between the microbiota-gut-brain
axis and psychiatric comorbidities, such as
anxiety,'" bipolar disorder,' schizophrenia,'?
obsessive-compulsive disorder,]4 substance
use disorder” and depression.'® ' In the
gut-brain axis, alterations in gut microbial
metabolites lead to abnormal physiological
responses in microbial dysbiosis.

Short-chain fatty acids (SCFAs) are the
primary metabolites of the gut microbiota
produced via saccharolytic fermentation of
non-digestible carbohydrates."® SCFAs are
natural ligands for free fatty acid receptors
2 and 3 (FFAR2/3), which are widely found
in enteroendocrine, immune and neural
cells."”* Many studies have indicated essen-
tial interactions between depressive episodes
and gut microbiota metabolism. SCFAs act
as essential mediators in the microbiota-gut-
brain axis and play a vital role in the neurobi-
ological mechanisms of depression. In the last
decade, the specific approach by which gut
microbiota metabolites influence the neural
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adaptation underlying brain circuitry has gradually been
elucidated. This review summarises the interplay between
the main gut microbiota metabolites—SCFAs, and the
biological mechanisms of depression. We hope that illus-
trating the biological mechanisms related to SCFAs from
the gut microbiota will shed light on novel treatment
strategies for depression.

GUT MICROBIOTA AND ITS ABNORMAL METABOLISM IN
DEPRESSION

Gut microbiota

Gut microbiota, including bacteria, fungi, archaea and
viruses, inhabit the large surface area of the alimentary
canal in humans.” The human fetus is thought to be
germ-free prior to delivery. Infant gut microbiota mature
by approximately 1-2 years of age and become similar
to those of adults in terms of diversity, composition and
physiology.** The human gut microbiota contains approx-
imately 1000-5000 different species and is composed of
several dominant phyla: 90% Firmicutes and Bacteroidetes
and 10% Actinobacteria, Proteobacteria, Fusobacteria and
Verrucomicrobia.” Approximately 100 trillion microor-
ganisms vary across the digestive tract, and the colon
contains the largest population of bacteria (3.8x10'%).%
Due to both strain-level and hostlevel differences,
including structural variants of the microbial genome,
inter-individual variation in host genetics and differences
in environmental exposure, composition and growth
rates of the gut microbiota vary considerably in human
individuals.*’

The human gut microbiota is closely linked to the CNS
through the regulation of neural, endocrine and immune
communication lines.*® The composition and abundance
of the gut microbiota are determined by many factors,
such as diet, antibiotics, stress, age, genetics and environ-
mental toxins.** ™ In a typical human digestive system,
the host interacts with the gut microbiota in a mutually
beneficial manner; the digestive tract offers a conducive
environment for the inhabitation and survival of the
microbiota, while the microbiota performs pivotal roles
in preserving intestinal health, including nutrient metab-
olism and intestinal protection.”® Microbial metabolism
mediates microbiota-gut-brain communication through
its metabolites that act as or affect neurotransmitters,
hormones, or immune modulators.>**® These metabo-
lites, such as SCFAs, function as secondary substrates or
signalling molecules to complement multiple processes
that cannot be carried out alone by host metabolites.”
Accordingly, disturbing the gut microbiota metabolism
impairs physiological activities in the human body.

Gut dysbiosis

Gut dysbiosis refers to the imbalance of symbiotic micro-
organisms in the gastrointestinal tract, including the
expansion of new bacterial groups and significant pertur-
bations in symbiont composition.” For example, patients
suffering from inflammatory bowel disease often have gut

dysbiosis, exhibiting lower diversity but a higher density
of gut microorganisms on the surface of the intestinal
mucosa.” Subsequently, perturbations of the gut micro-
biome may precipitate psychiatric symptoms through their
adverse effects on the brain.*” Gut dysbiosis is involved
in the progression of mental disorders. A large popula-
tion study indicated that the application of antimicro-
bials also disrupts the homeostasis of the gut microbiota
and increases the risk of depression and anxiety, ampli-
fying with multiple exposures.” Moreover, gut dysbiosis
induces neuroinflammation through disturbances in the
gut microbiota and elicits a series of CNS symptoms in
patients with autism spectrum disorder.” ** Tt has been
reported that patients with schizophrenia show gut dysbi-
osis with a decreased microbiome o-diversity index and
changes in gut microbial composition compared with
healthy controls.**

Alterations in gut microbiota composition and metab-
olism resulting from gut dysbiosis are closely related
to a series of psychopathological processes, including
inflammatory responses, abnormal protein degradation
and heritable mutations.”” * Gut dysbiosis also directly
affects the synthesis and secretion of neurotransmitters,
such as b5-hydroxytryptamine (5-HT), dopamine, gluta-
mate, norepinephrine and y-aminobutyric acid (GABA)
in the gastrointestinal tract, while the regulation of the
CNS by neurotransmitters impacts the microbial compo-
siion and abundance.” ™ Gut dysbiosis induces the
breakdown of intestinal barrier integrity by reducing
the expression of proteins involved in tight junctions
such as claudin-5 and occludin.”® The loss of goblet cells
leads to reduced mucus secretion and the thinning of
the mucus layer. Consequently, pathobionts and toxic
metabolites are translocated into the blood, resulting in
chronic local and systemic inflammatory responses.”* *!
Chronic low-grade inflammation decreases the expres-
sion of 5,6,7,8-tetrahydrobiopterin, which is a co-factor
of multiple amino acid-converting enzymes responsible
for the biosynthesis of neurotransmitters such as trypto-
phan, 5-HT, dopamine and norepinephrine.”® Therefore,
neurotransmitter production is disrupted. These results
demonstrate that gut dysbiosis affects the activities of the
gut microbiota, initiates a cascade of pro-inflammatory
pathways and disrupts the production of neurotrans-
mitters, which are tightly linked with the occurrence of
neuropsychiatric disorders.

Current research has confirmed that the composition
and abundance of gut microbiota in patients with depres-
sion differ significantly from those of healthy controls,
with patients suffering from depression having a higher
proportion of Bacteroidetes and Proteobacteria and a lower
proportion of Firmicutes, Bifidobacterium and Lactoba-
cillus.”™ Animal studies have also reported similar find-
ings, with depression models exhibiting an increased
abundance of Bacteroidetes and a decreased abundance of
Firmicutes.”® However, several studies have shown different
relative proportions in individuals with depression
compared with healthy controls. Zheng et aP” reported
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that the relative abundance of Bacteroidetes was lower in
patients with depression than in healthy controls. These
conflicting results may be attributed to differences in
sample sizes, demographic disparities, screening criteria
of the recruited patients and disparate sequencing and
bioinformatics techniques. Nevertheless, it has been
consistently indicated that depression corresponds with
marked alterations in gut microbiota composition.

A lower abundance of SCFA-producing bacteria (eg,
Faecalibacterium) was observed in depression.” Addition-
ally, Coprococcus, a bacterial species that produces butyrate,
was found to be diminished in patients with depres-
sion.”® Coprococcus plays a significant role in maintaining
perceived health status, physical functioning, vitality,
emotional well-being and social functioning. Various clin-
ical trials and analyses have demonstrated that restoration
of the microbiota with probiotics ameliorates depressive-
like behaviours in patients with depression, which also
confirms essential interactions between depression and
the metabolism of the gut microbiota.®*%

EFFECT OF GUT MICROBIOTA-DERIVED SCFAS ON DEPRESSION

Metabolism and physiological effects of SCFAs

SCFAs are monocarboxylic acids with two to five carbon
atoms derived from the fermentation of dietary carbohy-
drates in the host intestine.'® The vast majority of circu-
lating SCFAs are derived from gut microbial fermentation
and absorbed in the colon.” Diet, microbial composition
and gut transit time have an impact on the fermentation
of dietary fibres. Humans generally produce approxi-
mately 500-600mmol of SCFAs per day. SCFAs mainly
consist of acetate (C2), propionate (C3) and butyrate
(C4) in a ratio of 60:20:20.°* Multiple gut bacteria with
diverse genetic potentials participate in the anaerobic
fermentation of different SCFAs. In this regard, aceto-
genic commensal bacteria in the gut synthesise acetate
from CO, and as an electron source, where Bacleroidetes
and Firmicules preferentially generate propionate, and
Firmicutes (Eubacterium, Anaerostipes, Roseburia and Faecal-
iactertum prausnitzit) predominantly synthesise butyrate
and degrade indigestible polysaccharide molecules.””™
Colonocytes take up the majority of SCFAs through H'-
linked monocarboxylate transporters and sodium-linked
monocarboxylate transporters and use them to maintain
intestinal barrier function.”” Most SCFAs are transmitted
to hepatocytes through portal circulation and are metab-
olised as an energy source.”” Only a fraction of acetate,
propionate and butyrate reach the systemic circulation
and exert physiological effects elsewhere.”

SCFAs in the systemic circulation can cross the blood-
brain barrier (BBB) and have a pivotal impact on the
microbiota-gut-brain crosstalk.” ™ The high expression
of monocarboxylate transporters in endothelial cells
facilitates the penetration of SCFA through the BBB.” In
human cerebrospinal fluid, the concentration of SCFAs is
as follows at physiological levels: 0-171 pM acetate, 0—6 pM
propionate and 0-2.8pM butyrate.”” SCFAs can also

regulate the transfer of nutrients and molecules involved
in the maintenance of BBB integrity, directly influencing
brain development and CNS homeostasis.”* Addition-
ally, SCFAs mediate a plethora of basic behavioural and
neurological processes through the modulation of the
immune system, HPA axis and tryptophan metabolism,
along with the synthesis of several metabolites such as
neurotransmitters that have neuroactive properties.””’
A disease-promoting imbalance in the human gastroin-
testinal tract can change the composition and abundance
of the gut microbiota and alter the normal formation of
metabolites, which elicits disease development or severity.

The role of SCFAs in the pathological mechanisms underlying
gut microbiota-associated depression

SCFAs are the major mediators of the microbiota-gut-brain
axis in the pathophysiology of depression. Chronic stress,
along with gut dysbiosis, interferes with the metabolism of
SCFAs and accelerates the dysfunction of the microbiota-
gut-brain axis in depression. SCFAs have a neuropro-
tective effect and participate in the complex biological
mechanisms and pathological processes involved in the
onset and progression of depression, including chronic
cerebral hypoperfusion (CCH), neuroinflammation,
epigenetic modifications and neuroendocrine alterations
(figure 1).

SCFAs and chronic cerebral hypoperfusion
CCH has emerged as a major contributor to cognitive
decline and degenerative processes that predispose the
brain to mental disorders.”® CCH induces inadequate
transportation of nutrients and oxygen in cerebral cells
and aggravates brain injury, including BBB dysfunction,”
metabolic disturbance,80 activated neuroinflammation®!
and neuroendocrine perturbation.” In turn, the adverse
consequences of repeated hypoperfusion/hypoxic events
underline chronic cognitive and behavioural impair-
ments (eg, memory deficits, anxiety and depression).*
Previous studies have indicated that CCH is closely asso-
ciated with depression in animal models and humans.**®
Bilateral common carotid artery occlusion (BCCAO)
is adopted to model CCH-induced depressive behaviours
in rats.”” Several recent studies have assessed the role of
SCFAs in CCH-induced depression. Xiao et al*® demon-
strated that rats with BCCAO exhibit compromised gut
barrier function and perturbed gut microbiota. The
decrease in representative SCFA-producing flora results
in hippocampal SCFA reduction in BCCAO rats that
suffer from cognitive impairment and show depressive-
like behaviours.*® Subsequently, rats were supplied with
water containing a mixture of SCFAs (acetate, propionate
and butyrate). SCFAs attenuated BCCAO-induced hippo-
campal neuroinflammation and neuronal apoptosis
through the inhibition of nuclear factor kappa-B (NF-xB)
and activation of the Erkl/2 pathway, accompanied
by amelioration of cognitive decline and degenerative
processes.”® NF-kB is a key transcription factor that regu-
lates the expression of genes involved in immunity and
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Figure 1

Microbiota-gut-brain axis and central nervous system dysfunctions in depression. The interaction of the microbiota-

gut-brain axis and depression are involved in the neural, endocrine and immune systems. Chronic stress induces a series
of psychopathological processes including chronic cerebral hypoperfusion, neuroinflammation, epigenetic alteration,
hypothalamic-pituitary-adrenal (HPA) axis and vagus activation through gut microbiota and its metabolites. SCFA, short-chain

fatty acid.

inflammation. It should be noted that the intervention of
oral SCFA intake could not be normalised in each animal,
and it also elevates sodium intake. Hence, rebuilding
the gut microbiota by faecal microbiota transplanta-
tion (FMT) appears to be a more reasonable method to
replenish these beneficial metabolites.

Reestablishment of the gut microbiome has emerged
as a potential approach for treating CCH-induced depres-
sion and cognitive impairment. Restoring balanced gut
flora in BCCAO rats through FMT restores gastrointes-
tinal motility and ameliorates hippocampal neuronal
apoptosis and cognitive dysfunction.®” * Nevertheless, it
is still difficult to confirm whether FMT and SCFAs exert
a protective or therapeutic effect on CCH or both. FMT
may not eradicate a disease by itself, but it can replenish
SCFAs and alleviate secondary impairment induced by
the dysfunction of the microbiota-gut-brain axis.

SCFAs and neuroinflammation
The essential role of inflammation in depression has been
widely investigated in recent decades, with the microbiota-
gut-brain axis emerging as a key intermediate regu-
lator.*? Gut dysbiosis affects the onset and maintenance
of neuroinflammation in depression by altering SCFA
metabolism.” In chronic mild stress mouse models, phys-
iological stress initiates alterations in the gut microbiota
characterised by significantly decreased faecal microbial
diversity.”* Rats with depressive-like behaviours exhibit
a decreased relative abundance of SCFA-producing gut
microbes and reduced serum levels of SCFAs, which are
closely associated with cytokine expression and inflamma-
tory pathway activation in neuroinflammation.”

The levels of cytokines in the blood, including inter-
leukin-6 (IL-6) and tumour necrosis factor-o. (TNF-q),
are significantly higher in patients with depression than
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in healthy controls.”® These pro-inflammatory cytokines,
particularly IL-6, IL-1B and TNF-0,, promote the genera-
tion of T helper 17 (Th17) cells, which are strongly impli-
cated in depression and other CNS diseases.”” Th17 cells
may come in two ways: peripheral Th17 cells, which are
probably released from the lamina propria of the small
intestine, can directly infiltrate the brain parenchyma
through the BBB leakage induced by Th17-derived cyto-
kines,” or they may originate from CD4" T cells in the
brain when stimulated by pro-inflammatory cytokines.”
In turn, the products of Th17 cells, interferon-y (IFN-y)
and IL-17A, could promote neuroinflammation. IFN-y has
been proposed to confer a signal for Th17 infiltration in
the CNS and enhance synapse elimination.'” TFN-y and
IL-17A contribute to the proliferation, polarisation and
activation of microglia.'”" ' Microglia are a major source
of cytokines among all glial cells in the CNS.'"” Microglia
polarise to the M1 phenotype and release reactive oxygen
species (ROS) and pro-inflammatory cytokines, including
IL-1B, IL-6 and TNF-o.'”* ROS, such as hydroxyl radicals
(OH"), hydrogen peroxide (H,0,) and the superoxide
anion (O,’), impair neurogenesis, synaptic plasticity
and neuronal transmission as a consequence of oxida-
tive stress-induced mitochondrial injury and neuronal
apoptosis.'”” In summary, neuroinflammation mediated
by pro-inflammatory cytokines evokes a detrimental
response in the CNS that aggravates depression.

Apartfromindirect mechanismsvia chemical mediators,
the onset of neuroinflammation is also activated through
direct pathophysiological mechanisms via the vagus nerve
pathway.'”® The vagus nerve can stimulate infiltrated or
resident immune cells (eg, microglia and dendritic cells)
in the vicinity of the perineural sheath. Activated immune
cells boost the immune response by relaying signals from
pro-inflammatory cytokines to the CNS, which induces a
series of physiological and behavioural responses.'’” Pro-
inflammatory cytokines in the gastrointestinal tract stim-
ulate the vagus nerve and activate the HPA axis, which
influences the central stress circuitry.'” In contrast, stimu-
lation from cholinergic signalling enables the vagus nerve
to decrease the inflammatory response and production of
pro-inflammatory cytokines.'” Several studies revealed a
key role of the subdiaphragmatic vagus nerve in the onset
of depression by regulating the brain-gut microbiota
axis.'”” " Additionally, the subdiaphragmatic vagotomy
exhibited an antidepressant effect in lipopolysaccharide
administration mice, which indicated an essential role
of the vagus nerve in depression.""" Apart from subdia-
phragmatic vagotomy, vagus nerve stimulation has been
developed as an emerging treatment for depression.''* '
These results indicate the potential role of the vagus
nerve in depression treatment.

Gut microbiota-derived SCFAs play a vital role in anti-
inflammatory actions owing to their maintenance of gut-
brain permeability and constant input to the CNS for
the homeostasis of microglia."'* "> SCFAs decrease the
permeability of both the intestinal barrier and the BBB.
SCFAs, especially acetate, propionate and butyrate, have

been reported to exhibit protective effects on the intes-
tinal barrier as energy substrates.''® Butyrate enhances the
expression of aryl hydrocarbon receptors and hypoxia-
inducible factor 1o, which upregulates the levels of I1-12
through regulating the mammalian target of rapamycin
and signal transducer and activator of transcription 3.""”
IL-12 is a protective cytokine that contributes to resisting
inflammatory stimuli and maintaining intestinal homeo-
stasis. These findings suggested that SCFAs have an anti-
inflammatory effect on maintaining gut homeostasis. In
the CNS, propionate preserves the BBB through FFAR3
on the surface of endothelial cells.""® SCFAs protect
hippocampal neurons from injury to the mitochon-
drial membrane potential and ROS accumulation.*” In
addition, the regulatory function of SCFAs protects the
CNS from peripheral inflammatory cytokines and toxic
substances. SCFAs have a direct anti-inflammatory effect
on microglial proliferation and activation by binding
FFARs, as well as activating FFARs on neutrophils and
dendritic cells to alleviate systemic inflammation.'? '’
SCFAs bind to GPR41 on microglia, regulate microg-
lial proliferation and inflammatory status and inhibit
pro-inflammatory signalling pathways via NF-xB inhibi-
tion and Erkl/2 activation.® 12! Butyrate also activates
GPR109A-mediated signalling pathways to downregulate
NF-kB signalling in microglia. The inhibition of pro-
inflammatory enzymes (inducible nitric oxide synthase
and cyclooxygenase-2) and pro-inflammatory cytokine
(TNF-0, IL-1B and IL-6) production in microglia prevents
the onset and process of neuroinflammation.'* IL-10 and
CD26, markers reflecting the anti-inflammatory status of
microglia, are increased after butyrate treatment, indi-
cating the neuroprotective effects of SCFAs in vivo.'”
The intricate interactions between neuroinflammation
and anti-inflammation through the SCFA-mediated
microbiota-gut-brain axis are involved in the pathophys-
iology of depression (figure 2).

SCFAs and host epigenome

The epigenome describes the heritable and reversible
alterations of the genome that change DNA packaging
or associated proteins without affecting nucleotide
sequences.'** Epigenetic modifications include histone
modifications, DNA methylation and non-coding RNAs
(ncRNAs). These modifications integrate abundant envi-
ronmental messages into phenotypes by regulating the
three-dimensional architecture of chromatin. Therefore,
epigenetic modifications have been implicated in the
pathogenesis of depression, manipulation of the HPA
axis, neuroinflammation, excitatory-inhibitory balance
and monoamine pathways.'”™"* Epigenetic pathways,
especially DNA methylation and histone modifications,
have been extensively investigated in depression and have
been proven to be tightly correlated with the metabolism
of the gut microbiota.'™ SCFAs from the gastrointestinal
tract also have a vital effect on epigenetic modifications
as mediators in the CNS of patients with depression. In
this section, we introduce the molecular mechanisms and
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interactions between the gut microbiota, SCFAs and host
epigenome in depression. Figure 3 shows the neuropro-
tective effect of SCFAs through histone acetylation and
DNA methylation in depression.

Histone modifications
Histones are the basic elements of nucleosomes. An
octamer of two distinct copies of four types of histones
(H2A, H2B, H3 and H4) wrapped with long DNA chains
composes the nucleosome core particles. The -NH,
terminus of histone tails can be reversibly modified
by several functional groups, such as acetyl and methyl
groups, and the accessibility of genomic DNA is altered
due to the disruption of electrostatic interactions between
the modified residues and nucleic acids, thereby manip-
ulating cell activities (eg, DNA replication, DNA repair,
transcriptional activities and cell cycle progression).'”!
The addition and deletion of specific functional groups
are regulated by antagonistic enzymes. For instance,
histone acetyltransferases and histone deacetylases
(HDAG:) jointly control the addition or deletion of acetyl
groups on the histone tails."” HDACs could be divided
into five major families, including class I (HDACGCs 1, 2, 3,
8), class IIA (HDAGs 4, 5, 7, 9), class IIB (HDAC 6, 10),
class IIT (SIRT1-7) and class IV (HDACI11), and the class I
members play a key role in the initiation and progression
of depression.

Epigenetic modifications in the CNS, particularly histone
acetylation, are closely associated with the activation

of glia and immune cells during the pro-inflammatory
response.'” " These modifications control microglial
polarisation and inflammatory cytokine expression.'?
Several studies have demonstrated the role of HDAC in
the immune response, which epigenetically modulates
gene expression and the inflammatory response.'™ SCFAs
are well-known HDAC inhibitors (HDACI), together with
histone acetyltransferases, that upgrade histone and non-
histone protein acetylation.136 Among the SCFAs, butyrate
is the most potent and extensively applied in neuropsychi-
atric studies as a class I and class Il HDACi. Butyrate induces
an increased level of histone acetylation and upregulation
of brain-derived neurotrophic factor (BDNF) levels in
the corticolimbic portions of the mouse frontal cortex.'”
BDNF is an important protein of growth factor, which
plays a crucial role in neuronal growth and synaptic plas-
ticity in brain development.138 9 Patients with depression
show decreased levels of BDNF in the serum and cerebro-
spinal fluid."* ™" Bifidobacterium longum NCC3001, a SCFA-
producing bacteria, has been demonstrated to upregulate
BDNE, regulate neuronal plasticity in the enteric nerve and
alleviate depression-like behaviours in mice.'* Moreover,
fluoxetine (a selective serotonin reuptake inhibitor antide-
pressant) combined with butyrate substantially decreased
behavioural despair compared with fluoxetine treatment
alone, with an increasing transcript level of BDNF,I‘%7
suggesting that upregulation of BDNF expression might
be important for alleviating depressive behaviours.
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enzymes.

Propionate or butyrate treatment has been reported
to promote histone 3 lysine 9 acetylation in the brain,
with decreased HDACI expression in microglia.'*’ SCFA
treatment reduces microglial activation and the levels
of pro-inflammatory cytokines, including TNF-o, IL-1o
and IL-1fB, and represses neuronal apoptosis and neuro-
degeneration to alleviate depressive-like behaviours.'*’
Lactate, an important intermediate of SCFAs, has revers-
ible effects on stress-induced depression.'*! The effects of
lactate on HDACs have also been studied through distinct
epigenetic mechanisms. In mouse models, lactate treat-
ment increased the levels of hippocampal class I HDAC,
especially HDAC2/3, enhanced resilience to stress and
rescued social avoidance and anxiety.'* These results
indicate that class I HDACs could be potential targets
for reversing chronic unpredictable stress-induced
depressive-like behaviours, and natural compound SCFAs
may serve as antidepressants owing to their high security.
However, further research has indicated the opposite roles
of class I HDACGCs during different periods of depression.
Treatment with the HDAC2/3 inhibitor CI-994 inhibited
the activities of HDAC2/3 and alleviated depression-like
behaviours in mice.'*” HDAC2 and HDACS3 play different
roles in the progression of depression. Thus, it remains
difficult to elucidate the pathways by which lactate regu-
lates HDAC2/3 during different periods of depression.
These inconsistent results demonstrated that targeting
HDAC2/3 may only serve as a therapeutic antidepressant,
but not as a prophylactic.

DNA methylation

DNA methylation involves the covalent addition of a
methyl group to the pyrimidine ring of cytosines in CpG
regions, which appear in approximately 70% of the
gene promoters.'*® DNA methylation is also a dynamic
and reversible process similar to histone modifications,
whereas methylation in CpG regions transforms the genes
into an inaccessible state and represses transcriptional
activities. DNA methyltransferases (DNMTs) catalyse DNA
methylation by transferring the methyl group from S-ad-
enyl methionine to carbon-5 of cytosine to form 5-methyl
cytosine.147 There are five major categories of DNMTs
in mammals: DNMT1, DNMT2, DNMT3a, DNMT3b
and DNMT3L. Ten-eleven translocation (TET) enzymes
are involved in the demethylation of CpG regions by
oxidising methylated bases, which activate gene expres-
sion and transcriptional activities.

Depression has been linked to alterations in BDNEF,
which influences GABA neurotransmission, synaptic plas-
ticity and neuronal activity."*’ '** Patients with depression
have a higher level of methylation at specific CpG regions
within BDNF promoters than healthy controls, which
results in decreased expression of BDNF in the hippo-
campus.'* Further research has investigated the effects of
SCFAs on the methylation of BDNF promoters. Butyrate
treatment in depressed mice restored the decreased
TET1 level, which promoted the hydroxylation of the
cytosine residue to bH-hydroxymethylcytosine, reduced
DNA methylation and facilitated BDNF transcription,
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exerting antidepressantlike effects.'™ These results link
neural activities to the metabolism of the gut microbiome
through epigenetic alterations, which may be crucial to
the biological mechanisms underlying depression and
potential therapeutic strategies.

Non-coding RNA

ncRNAs, including long non-coding RNAs (IncRNAs),
circular RNAs and microRNAs (miRNAs), are signifi-
cant mediators of normal transcriptional and transla-
tional processes, and their abnormal metabolism has
been extensively reported in the pathogenesis of depres-
sion, 1717193 However, interactions between the gut micro-
biome and ncRNAs in the CNS remain largely unknown.

The competitive endogenous RNA (ceRNA) hypoth-
esis indicates that miRNAs compete for shared miRNA-
binding sites in post-transcriptional control, which is the
key for neurodevelopment and neurodegeneration.'
Recently, aberrant expression of ncRNAs was observed
in the hippocampus of mice with gut dysbiosis. An inte-
grated analysis found two IncRNA-miRNA-mRNA ceRNA
regulatory networks in depressed mice induced by gut
dysbiosis."”® Regulatory networks are primarily associ-
ated with inflammatory responses and the neurodevel-
opmental regulation of microbial-related pathological
changes. One consisted of two IncRNAs (4930417HO01Rik
and AI480526), one miRNA (mmu-miR-883b-3p) and
two mRNAs (Adeyl and Nrfa2). The other consists
of six IncRNAs (5930412G12Rik, 6430628N0O8Rik,
A530013C23Rik,  A930007I19Rik, Gm15489 and
Gm16251), one miRNA (mmu-miR-377-3p) and three
mRNAs (Six4, Stx16 and Ube3a)." These molecules have
been proposed as pivotal mediators of ncRNA adjustment
in the microbiota-gut-brain axis, and have the potential
to be applied as epigenetic biomarkers in gut microbial-
related depression.

Although emerging evidence has revealed the crosstalk
between ncRNAs and the gut microbiota in depression,
it is still challenging to make a conclusive narrative about
how alterations of the microbiota-gut-brain axis mediate
ncRNA activities in the CNS. There are several limitations
in the current investigations of ncRNAs to form homoge-
neous groups compared with histone modifications and
DNA methylation. For instance, ncRNA levels tend to be
affected by multiple factors, including environment, diet,
exercise, ageing, alcohol consumption and drug abuse.
Despite the clear implication, convincing evidence is still
lacking to demonstrate how certain ncRNAs mediate
specific signalling pathways in the microbiota-gut-brain
axis, thereby influencing depression. Hence, unlike
histone modifications and DNA methylation, it is difficult
to construct a generalised framework to depict ncRNA
regulation by gut microbial metabolites.

In sum, depression can be considered a slowly devel-
oping but multifaceted maladaptation to long-term envi-
ronmental stressors.'”® Maladaptive neuronal plasticity in
regions implicated in depression pathogenesis, such as the
hippocampus, has been shown to be relevant to allostasis

of the brain through epigenetic pathways. Delayed addi-
tion or deletion of epigenetic modifications may explain
the slow development and insignificant initial effects of
antidepressants in treating depression. Disrupted gut
homeostasis induces altered epigenetic regulators synthe-
sised by the gut microbiota, such as acetate, butyrate and
propionate, following the activation of neuroinflamma-
tion and other pathways by epigenetic reprogramming.
The underlying mechanisms in the microbiota-gut-
brain axis may play an important role in the long-term
abnormal synaptic plasticity and behavioural response to
stress in depression.

SCFAs and neuroendocrine alterations

SCFAs participate in modulating the metabolism of
multiple neuroactive substances in the gastrointes-
tinal and nervous systems. SCFAs ligate to G protein-
coupled receptors, for example, GPR43 (FFAR2), GPR41
(FFAR3), GPR109A, OLFR78 and OR51E2, located on
the surface of intestinal epithelial cells and enteroendo-
crine cells."”™* In addition to serving as energy supple-
ments for epithelial cells, SCFAs strengthen intestinal
barrier integrity by enhancing glucose metabolism, lipid
homeostasis and the expression of tight junction protein
to promote gut health."” SCFAs, especially butyrate,
increase the expression of claudin-1 and induce the redis-
tribution of occludin and zonula occludens-1 to repair
and enhance gut barrier function.'® Furthermore, they
induce the release of hormones and neuropeptides, such
as glucagon-like peptide 1 and peptide YY from intestinal
enteroendocrine cells and regulate gastric motility and
digestive absorption, which might activate a signalling
cascade that affects brain circuits related to appetite and
food intake.'” '** Taken together, these findings suggest
that SCFAs play a crucial role in maintaining energy
metabolism and intestinal homeostasis.

In the microbiota-gut-brain axis, SCFAs are involved in
the synthesis and release of peripheral neurotransmitters,
including acetylcholine and 5-HT.'® '® The enterochro-
maffin cells in the gut synthesise >90% of the circulating
5-HT, which participates in regulating diverse gastrointes-
tinal functions including motility and secretory reflexes.'®’
The stimulatory activities of SCFAs, especially acetate
and butyrate, promote the expression of colonic tryp-
tophan hydroxylase 1, the rate-limiting enzyme in 5-HT
synthesis, * suggesting that SCFAs are actively involved in
host 5-HT biosynthesis and crosstalk between the micro-
biome and gut homeostasis. Owing to the permeability
of the BBB, peripheral neurotransmitters may be unable
to access the brain and directly affect the functioning of
the CNS. However, serotonin in the peripheral blood
circulation can regulate gastrointestinal movement and
excretion and indirectly affect emotional, cognitive and
behavioural responses through neuroendocrine path-
ways or vagal afferents.'® " Some evidence also shows
that SCFAs that are taken up through the BBB regulate
the levels of neurotransmitters in the CNS. Intraperito-
neal acetate resulted in altered glutamate, glutamine and
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GABA in the hypothalamus and increased anorexigenic
neuropeptide expression.''* The disordered gut micro-
biota, especially Firmicutes, could regulate the levels of
acetate, propionate and butyrate, which could elicit the
metabolism disturbance of peripheral and central glycer-
ophospholipid. As a result, the levels of tryptophan, 5-HT,
5-hydroxyindoleacetic acid and indoleacetic acid were
decreased in the hippocampus.'”" As mentioned above,
the metabolic disturbance of SCFAs elicits activation of
a series of inflammatory pathways with increased levels
of pro-inflammatory cytokines and microglial prolifer-
ation and activation in the CNS. Meanwhile, the distur-
bance throws the normal biosynthesis of neuroprotective
factors into confusion, such as BDNF. Ultimately, the
levels of 5-HT are decreased due to neuronal apoptosis
and metabolic dysfunction. Decreased circulating levels
of 5-HT represent a classical biomarker indicating mental
disorders like depression.'” These findings suggest that
decreased levels of SCFAs can partly explain the altered
expression of 5-HT and other neurotransmitters through
the gut-brain axis in patients with depression.

SCFAs also alleviate stress-induced CNS dysfunction
by ameliorating HPA axis activity. Specific pathogen-free
mice receiving faecal microbiome colonisation at early
postnatal life (3 weeks) instead of at a later stage exhib-
ited reversed stress-associated physiological alterations
on the HPA axis.'” This suggests that the gut microbiota
is involved in the normal development of the HPA axis
and neuroendocrine response to stress. In addition, after
solely receiving SCFA administration, the expression of
hypothalamic genes involved in the stress response is
decreased, including corticotrophin-releasing factor
and related receptors (corticotrophin-releasing factor
receptor (CRFR) 1 and 2, mineralocorticoid receptor).174
The reactivity of the HPA axis leads to increased levels
of serum cortisol, a stress hormone that increases access
to energy stores and promotes protein and fat mobilisa-
tion.'” Colon-delivered SCFAs at high doses (174.2mmol
acetate, 13.3mmol propionate and 52.4mmol butyrate
daily) and low doses (87.1 mmol acetate, 6.6 mmol propi-
onate and 26.2mmol butyrate daily) both increase the
levels of serum SCFA and attenuate the cortisol response
to acute psychosocial stress in healthy humans.'™ It is
speculated that SCFAs penetrating through the BBB are
involved in HPA axis integration by rich innervations in
and projections to the medial parvocellular paraventric-
ular nucleus.'” These findings demonstrate the mech-
anisms by which SCFAs participate in the regulation of
HPA axis responsiveness in depression.

Nowadays, ketamine, an N-methyl-D-aspartate receptor
antagonist, has been proven effective against treatment-
resistant depression due to its anti-inflammatory effect
and regulation of neurotransmitters.'”” Previous research
also revealed alterations in the gut microbiota during
ketamine treatment.'” Ketamine could amplify the Lacto-
bacillus and maintain the level of Bacteroidales and Clos-
tridiales at the genus level in mice.'” "™ However, while
the effect of ketamine on the composition and abundance

of gut microbiota has been well illustrated, how ketamine
regulates the metabolism of gut microbiota and its
metabolites, such as SCFAs, is unclear. Hence, further
studies should concentrate on the mechanisms by which
ketamine regulates the metabolism of gut microbiota and
its metabolites as a promising antidepression agent.

POTENTIAL APPLICATION OF GUT MICROBIOTA AND SCFAS IN
DEPRESSION TREATMENT

Nowadays, the medical treatment of depression is
eminently pharmacological along with adjuvant treat-
ments, such as transcranial magnetic stimulation,181
electroconvulsive therapy'™ and psychological treat-
ment.'"” With a deeper understanding of bidirectional
interactions between depression and gut microbiota,
emerging evidence has indicated a promising prospect
for microbiota-related interventions for depression.
Maintaining microbiota-gut-axis homeostasis is the main
purpose of restoring gut microbiomes. Dietary control,
microorganism transplantation and beneficial substance
administration have been extensively harnessed to
improve the composition and abundance of gut micro-
biota in preclinical and clinical settings of depression
treatment, which indicates the feasibility of the gut micro-
biota as a novel therapeutic target for depression.

Dietary interventions

Previous studies demonstrated a complex relationship
between diet, gut microbiota and depression.'"®* The
normal gut microbial composition and function depend
on healthy dietary patterns, which contribute to the
growth of commensal microbiota and the decline of
pathogenic bacteria. Improving diet was proven to main-
tain gut barrier permeability and inhibit inflammation.'®
Moreover, replenishing the essential macronutrients
in healthy food choices is also a promising approach to
improving depressive symptoms. Gut microbiota partic-
ipates in the fermentation of carbohydrates into SCFAs
in the colon. It was reported that increased intake of
carbohydrates was associated with a decrease in the risk of
depression.186 The Mediterranean diet (MD), character-
ised by rich dietary polyphenols and fibres, is thought to
be beneficial to human health due to its enteroprotection
and anti-inflammatory properties.187 Numerous studies
reported that higher adherence to MD was related to a
lower risk of depression.'*?! SCFAs, especially propio-
nate and butyrate, are the key mediators for the interac-
tions between MD and gastrointestinal health.'”® SCFAs
have been proven to be potentially beneficial metabolites
that alleviate depressive-like behaviours via HDAC inhi-
bition and exert anti-inflammatory and neuroprotective
effects.*® Current research has applied oral administration
or intraperitoneal injection of SCFAs in animal models to
modulate depressive symptoms. For instance, oral intake
of sodium butyrate restores paclitaxel-induced alterations
in microbiota composition and gut barrier integrity, and
decreases depressive-like and anxiety-like behaviours.'"
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Additionally, increased butyrate could participate in anti-
inflammation, regulation of neurotransmitters, endocrine
and BDNF along the gut-brain axis.'"* Similarly, intraper-
itoneal injection of sodium butyrate inhibits neuroin-
flammation and oxido-nitrosative stress and prevents the
onset and progression of depression.'” Additionally, an
open-label and randomised trial increased gut microbial
SCFAs indirectly by using an omega-3 polyunsaturated
fatty acid supplement drink or capsule, which led to an
increase in the SCFA-producing bacteria (eg, Bifidobac-
terium, Roseburia and Lactobacillus) in humans.'”® These
results indicate a promising approach to improving gut
dysfunction and depressive symptoms by using SCFAs.
However, several drawbacks limit their clinical applica-
tion. Oral intake requires a high SCFA concentration in
drinking water to guarantee sufficient absorption, while
SCFA injection is difficult to apply and popularised owing
to its invasiveness and transient effect. It is necessary to
develop a safe and feasible approach to sustain the produc-
tion and input of SCFAs. Therefore, recent research has
focused on microbiota transplantation to rebuild the gut
microbiome profile in patients with depression.

Faecal microbiota transplantation

FMT is widely used to replenish the gut microbiota in
patients with gut dysbiosis by transplanting faecal flora
from healthy donors. For depression treatment, FMT
yielded a promising prognosis in both preclinical and
clinical settings.'"”” ' For instance, FMT ameliorates
chronic unpredictive mild stress-induced depressive
symptoms in rats by reshaping the gut microbiota and
intestinal barrier and restoring the metabolites of the
gut microbiota, which are involved in increased levels of
BDNF, the 5-HT transmitter system and GABA pathways
in the CNS.'" Several studies have reported the effects
of FMT in the treatment of depression in patients. FMT
treatment improves anxiety and depressive behaviours
in patients with irritable bowel syndrome.””” Oral FMT
capsules attenuate depressive symptoms and improve
gastrointestinal symptoms and rebalance the gut
ecosystem in patients with irritable bowel symptoms.””!
In addition, a recent randomised controlled, double-
blinded trial verified the feasibility, efficacy and safety of
enema-delivered FMT in adults with moderate-to-severe
depression.*”® Meanwhile, some of the patients showed
high accessibility and tolerance to enema delivery despite
the potential side effects and complications, suggesting
its great therapeutic potential.*”*

Probiotics and prebiotics

Probiotics, the selected microorganisms that confer
health benefits to the host, have been applied in depres-
sion treatment, particularly Lactobacillus spp and Bifidobac-
terium spp, which are involved in SCFAs metabolisms.*"
Several clinical trials have demonstrated the efficacy
of Bifidobacterium and Lactobacillus in depression treat-
ment.**™" Previous research has also assessed the value
of Clostridium butyricum in depression, which participates

in the production of SCFAs.*” The C. butyricum (C.
butyricum RH2 and C. butyricum miyairi 588) has shown
protective effects in mice and rats with stress-induced
anxiety-like and depressive-like behaviour.”’’ *'' Other
SCFA-producing bacteria, such as I\ prausnitzii, have been
proven to alleviate depressive-like behaviours in animal
models.?"® However, the safety and efficacy of these novel
probiotics should be further verified in humans. Probi-
otics therapy exhibited a promising effect in treating
perinatal depression. Most patients with postnatal depres-
sion are reluctant to receive pharmacological treatment
during pregnancy and breast feeding. Therefore, the safe
and effective therapy of probiotics, such as Bifidobacterium
and Lactobacillus, has become a potential approach to
preventing and treating perinatal depression.”"” *'* Never-
theless, it is necessary to alleviate the adverse effects of
probiotics when treating clinical depression. The use of
SCFA-producing probiotics should be considered care-
fully due to excessive SCFAs may serve as an additional
source of energy substances, which may induce obesity in
patients. Several adverse effects and complications, such
as infection and gastrointestinal symptoms, have been
observed with microbiota transplantation treatments.*"”
Some determinants like the duration, dosage and interac-
tions in probiotics treatment need to be investigated and
standardised in the future. Meanwhile, several studies
focus on substrates that are beneficial for restoring the gut
microbiota concerning the invasive effect of prebiotics.

Prebiotics, including oligosaccharides (eg, fructooligo-
saccharides (FOS), galactooligosaccharides (GOS) and
inulin) and xylooligosaccharides, are beneficial substrates
in human milk, fruits and vegetables.”'® Prebiotics are
soluble dietary fibres that can produce more SCFAs
than insoluble dietary fibres. Prebiotics exert an anti-
depressant effect and confer host health by promoting
gut microbiome profile, especially Bifidobacteria and
Lactobacillus.*™ Prebiotics also facilitate the growth of
other beneficial bacteria, including SCFA-producing
bacteria.’” Animal research revealed that the levels of
acetate and propionate increased after prebiotic adminis-
tration.””® Long-term FOS and GOS use also reduces pro-
inflammatory cytokine levels and HPA-axis activities and
attenuates depressive-like behaviours.”'® FOS and GOS
feeding in rats increased levels of hippocampal BDNF and
N-methyl-D-aspartate receptor subunit, which are crucial
for normal synaptic plasticity and memory formation.*"
These findings suggest the feasibility and convenience of
using prebiotics for the treatment of depression.

CONCLUSIONS AND PERSPECTIVE

In the present review, we summarised the vital functions
of gut microbiota-derived SCFAs in depression through
several pathways, including CCH, neuroinflammation,
epigenetic modifications and neuroendocrine functions.
The complex, multifaceted and interacting interplay
between these alterations in the neural, endocrinal and
immune systems elicited by SCFAs plays an essential role
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in the onset and progression of depression. Although we
have preliminarily understood the interactions between
microbiota, SCFAs and depression, there are still several
problems that obscure the translation from laboratory
findings to clinical applications. Indeed, it is difficult to
estimate the direct and indirect influence of gut microbial
metabolism on the CNS. Owing to the intricate crosstalk
concerning the gut microbiota, immunity, endocrine and
nervous systems, it is difficult to elaborate on the effects
of SCFAs in any single aspect. Meanwhile, a number of
studies have investigated alterations in the composition
and abundance of gut microbiota in patients with depres-
sion, but the alterations exhibit ramified results that
puzzle researchers and may lead to undesirable conse-
quences in microbial treatment. Given the complexity of
human physiology, several factors, including diet, exercise,
ageing and mood, affect the composition and abundance
of gut microbiota. With the help of novel methods, such
as high-throughput sequencing, multi-omics approaches
and microbial culture technology, further research could
isolate the pathogenic and harmful strains involved in
depression and elaborate the interactions between the
microbiota, gut-brain axis and other systems,”’ thereby
clarifying the pathological mechanism in the microbiota-
gut-brain axis and identifying key strains as new thera-
peutic targets for depression.

Numerous studies have revealed a promising prospect
in microbiota-related treatments for depression. SCFA-
involved depression treatments, including direct admin-
istration of SCFAs, FMT, probiotics and prebiotics have
exhibited an antidepressant effect in previous preclinical
and clinical studies. Future research should focus on stan-
dardising the present microbiota-targeting therapeutic
strategies and verifying their safety in different popula-
tions. To achieve these goals, a deep understanding of
the gut microbiota is needed, concerning the charac-
teristic microbial changes that synchronise with depres-
sive symptoms, the characteristic strains in humans with
different traits and the composition and abundance in
diverse depression stages (eg, episodes and recurrence).
In current clinical studies, the use of gut microbiota and
its metabolites is generally standardised for patients with
depression. Considering the individual variance of depres-
sion, the efficacy and safety of these treatments should
be further evaluated. In order to achieve reliable clinical
applications, the complexity and individual variance of
depression must be thoroughly considered to formulate
the standards for microbial intervention. In addition,
it would be necessary to identify the impact of SCFA-
involved treatments on general antidepressant pharmaco-
therapy to examine if synergisms generally exist or if the
beneficial effects of SCFA-involved treatments depend on
specific antidepressants. Factually, there are still several
obstructions to translating microbiota-targeted thera-
peutic designs into clinical treatments. We hope that the
biological mechanisms and potential applications related
to SCFAs that we summarised could provoke innovations
in depression treatment.
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