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Abstract

Alcohol abuse is 1 of the most significant public health problems in the world. Chronic, excessive alcohol consumption not
only causes alcohol use disorder (AUD) but also changes the gut and lung microbiota, including bacterial and nonbacterial
types. Both types of microbiota can release toxins, further damaging the gastrointestinal and respiratory tracts; causing
inflammation; and impairing the functions of the liver, lung, and brain, which in turn deteriorate AUD. Phosphodiesterases
(PDEs) are critical in the control of intracellular cyclic nucleotides, including cyclic adenosine monophosphate and cyclic
guanosine monophosphate. Inhibition of certain host PDEs reduces alcohol consumption and attenuates alcohol-related
impairment. These PDEs are also expressed in the microbiota and may play a role in controlling microbiota-associated
inflammation. Here, we summarize the influences of alcohol on gut/lung bacterial and nonbacterial microbiota as well as on
the gut-liver/brain/lung axis. We then discuss the relationship between gut and lung microbiota-mediated PDE signaling and
AUD consequences in addition to highlighting PDEs as potential targets for treatment of AUD.
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Introduction

Alcohol dependence and abuse cause serious social problems
and economic consequences all over the world (Witkiewitz et al.,
2019). Chronic heavy alcohol use and loss of control over alcohol
intake lead to alcohol use disorder (AUD) (Carvalho et al., 2019).
As the second messengers in the organism, cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP) mediate biological effects triggered by extracellular sig-
nals such as hormones and neurotransmitters, which in turn
regulate various cellular functions. Phosphodiesterases (PDESs)
are enzymes that regulate the intracellular levels of cAMP and

c¢GMP. In recent years, PDE-mediated cAMP and cGMP signaling
in the brain is considered important in alcohol drinking be-
havior (Blednov et al., 2014; Logrip et al., 2014; Shi et al., 2018;
Wen et al., 2018). In addition to AUD, excessive alcohol con-
sumption damages the intestine, changes gut microbiota,
and impairs liver and lung function, which in turn deteri-
orate AUD. Human microbiota, which consists of bacterial and
nonbacterial microbiomes such as fungi, archaea, and viruses
(Bajaj, 2019), is widely distributed within various body habi-
tats, including the digestive system, respiratory system, vagina,
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and the skin (Human Microbiome Project Consortium, 2012).
Growing evidence shows that gut microbiota is affected by
alcohol (Bjgrkhaug et al., 2019; Lamas-Paz et al., 2020; Mutlu
et al.,, 2012; Posteraro et al., 2018). Moreover, PDEs are involved
in the regulation of microbiota functions (Matange, 2015). Thus,
microbiota-associated PDE signaling may be a potential target
for modulating alcohol-related disorders.

Alcohol Alters Gut and Lung Microbiota

We conducted a PubMed search for the relevant literature by
using 2 sets of terms—alcohol (including alcohol, ethanol, and al-
cohol use disorder) and microbiota (including microbiota, microbiome,
bacteria, fungi, and viruses)—and narrowing the language to art-
icles published in English. Then, we further screened the re-
trieved articles for review if they were associated with the topic
“effects of alcohol on the gut microbiota.” Bacterial microbiota
and nonbacterial microbiota were summarized separately and
included both human and animal studies.

Bacterial Microbiota—Alcohol consumption alters the diversity
and composition of the microbiota within the digestive and re-
spiratory systems. Human studies have found that higher alcohol
consumption decreases the abundance of the commensal order
Lactobacillales and increases certain genera (eg, Actinomyces,
Leptotrichia, Cardiobacterium, and Neisseria) of the oral microbiota
(Fan et al., 2018). Animal studies have shown, however, that the
Lactobacillales order is higher in alcohol-fed mice (Shimizu et
al., 2016). People with AUD have higher subgingival microbiota,
including Aggregactibacter actinomycetemcomitans, Fusobacterium
nucleatum, and Porphyromonas gingivalis (da Silva Furtado Amaral
et al.,, 2011). Alcohol consumption is also associated with alter-
ations of the esophageal microbiota, which covers various or-
ders (eg, Clostridiales, Gemellales, and Pasteurellales), families
(eg, Clostridiaceae, Lanchnospiraceae, and Helicobacteraceae),
genus (eg, Clostridium, Helicobacter, Catonella, and Bacteroides),
and species (Rao et al., 2021). In addition, patients who engage
in excessive alcohol consumption have more fecal microbiota
from Proteobacteria; higher levels of Sutterella, Holdemania,
and Clostridium; but fewer bacteria from Faecalibacterium and
Bacteroidetes (Bjgrkhaug et al., 2019; Mutlu et al., 2012). As with
the oral consumption of alcohol, exposure to chronic inter-
mittent vaporized ethanol alters the gut microbiota in mice
(Peterson et al., 2017), which changes rapidly following abstin-
ence from alcohol (Ames et al., 2020). In addition to the digestive
tract, the AUD population also shows increases in a-diversity of
the oropharyngeal, bronchial mucosa, and distal lung alveolar
microbial communities. The relative abundance of specific (eg,
Neisseria, Porphyromonas, Actinobacillus) and Gram-negative taxa
(eg, Haemophilus, Prevotella) were significantly increased in par-
ticipants with AUD, suggesting that AUD is associated with al-
teration of the microbial composition in the respiratory tract
(Samuelson et al., 2018).

The diversity and composition of the microbiota differ
depending on the level of alcohol consumption and the lo-
cation of the habitats. Heavy drinkers tend to have a lower
a-diversity; less abundance of Subdoligranulum, Roseburia,
and Lachnospiraceaeunc91005; but greater abundance of
Lachnospiraceaeunc8895, while light drinkers have greater abun-
dance of Akkermansia (Gurwara et al., 2020). Patients with AUD
often have a decreased a-diversity of microbiota. The increase
in Bacteroides and decrease in Akkermansia helps identify parti-
cipants with AUD with high accuracy (Addolorato et al., 2020).
Chronic alcohol consumption changes the microbiota compos-
ition in the colon but not the microbiota diversity in the jejunum

and colon in rats (Yang et al., 2018). Another study indicates that
chronic alcohol intake has dramatic effects on the microbiota
composition in the ileum in mice (Bluemel et al., 2020).

Alcohol consumption alters the metabolism of the colonic
microbiota evaluated by the 13C-D-xylose breath test in parti-
cipants, where the time curves of *CO, excretion at 90 to 240
minutes reflects colonic microbial metabolism (Bjgrkhaug et al.,
2017). Fatty acid is 1 type of metabolite of the gut microbiota,
includinglong- and short-chain fatty acids. Saturated long-chain
fatty acids are metabolized by commensal Lactobacillus, which
in turn promotes their growth (Chen et al.,, 2015b). The bio-
synthesis of saturated long-chain fatty acids can be inhibited
by chronic intake of alcohol (Chen et al., 2015b). Furthermore,
patients who overuse alcohol have decreased short-chain
fatty acids, such as the butyric acid (Bjgrkhaug et al., 2019). In
rats, following 8 weeks of alcohol exposure, short-chain fatty
acids—including propanoic acid, 2-methyl-propanoic acid, bu-
tyric acid, 2-methyl-butyric acid, 3-methyl-butyric acid, and
heptanoic acid—are decreased, though acetic acid is elevated
because it is a product of ethanol metabolism (Xie et al., 2013).
The Lactobacillus mixture modulates the gut microbiota and in-
creases short-chain fatty acid products (Li et al., 2021). Short-
chain fatty acids are important energy sources, and the receptor
GPR43 links the metabolic activity of the gut microbiota with
host body energy homoeostasis (Kimura et al., 2013).

In addition to fatty acids, chronic alcohol exposure decreases
amino acids and branched-chain amino acids, increases ster-
oids, and alters bile acids in rats (Xie et al., 2013). Bacteroides, a
symbiotic bile tolerance genus involved in bile acid metabolism,
is 1 of the main bacteria-producing y-aminobutyric acid (GABA);
the GABA-glutamate pathway leads to the enhancement of the
gut microbiota of patients with AUD. GABAergic/glutamatergic
disorders may play a role in alcohol addiction and the develop-
ment and maintenance of AUD (Addolorato et al., 2005; Fujisaka
et al.,, 2018). Alcohol not only enhances the central inhibitory
effect of GABA by increasing the release of GABA or acting on
GABA, postsynaptic receptors but also induces the intestinal
flora imbalance phenotype of the GABAergic system. The gut
microbiota associated with AUD also increases GABA metabolic
pathways (Addolorato et al., 2020).

The altered gut microbiota correlates with the levels of endo-
toxins and inflammatory factors in some subsets of people with
alcoholism (Mutlu et al., 2012). Lipopolysaccharides (LPS) and
peptidoglycans are 2 endotoxins from the gut microbiota. They can
cross the gut barrier to enter the systemic circulation and activate
toll-like receptors (TLRs) in peripheral blood mononuclear cells
(Leclercq et al., 2014b). The levels of LPS in the serum are increased
in patients with AUD (Addolorato et al., 2020). Furthermore, patients
with alcohol overuse display increases in systemic inflammatory
activity. Chronic alcohol consumption inhibits the proinflammatory
cytokine nuclear factor-kB and activates the mitogen-activated
protein kinase/activator protein 1 and inflammasome complex,
leading to increases in interleukin-8 (IL-8) and IL-1fp (Leclercq et
al., 2014b). Patients with alcohol overuse also have higher levels
of other proinflammatory cytokines, including tumor necrosis
factor a (TNF-a), monocyte chemoattractant protein 1, IL-6, and
interferon-y (IFN-y), and lower levels of anti-inflammatory cytokine
transforming growth factor 1 (Addolorato et al., 2020; Bjgrkhaug
et al,, 2020). Of the above-mentioned factors, IFN-y, is involved in
the regulation of antimicrobial peptides by modulating STAT1 and
STAT3 (Yue et al., 2021). Thus, impaired IFN-y-STAT signaling may
contribute to the alcohol-induced microbial dysbiosis. Taken to-
gether, alcohol-induced changes in gut microbiota are associated
with proinflammatory profiles.
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Nonbacterial Microbiota—Chronic alcohol consumption causes
alcohol-related liver disease by increasing intestinal perme-
ability and changing the intestinal microbiota composition.
In addition to the bacterial microbiota, commensal fungi in
the gut contribute to the development of alcohol-related liver
disease (Gao et al., 2021b). In patients with alcoholic hepatitis
and AUD, the fungal diversity is lower and Candida overgrows
(Gao et al., 2021a; Hartmann et al., 2021; Lang et al., 2019; Yang
et al., 2017). Of the Candida genera, the abundance of Candida
albicans and Candida zeylanoides species are increased in AUD
(Hartmann et al., 2021). Furthermore, patients with AUD show
increased abundance of other genera, including Debaryomyces,
Pichia, Kluyveromyces, and Issatchenkia (Hartmann et al., 2021).
Apart from the fungi, it has been found that patients with al-
coholic hepatitis show increased viral diversity in fecal sam-
ples, with over-representation of Escherichia-, Enterobacteria-,
and Enterococcus phages, and increases in mammalian viruses
(Parvoviridae and Herpesviridae) (Jiang et al., 2020). These find-
ings suggest that nonbacterial microbiota plays a potential role
in alcohol-related liver disease.

Chronic alcohol use increases translocation of fungal -glucan
into systemic circulation. When f-glucan enters the liver, it can
bind to the C-type lectin domain family 7 member A (CLEC7A,
or Dectin-1) on Kupffer cells, subsequently increasing the ex-
pression and secretion of IL-1f and eventually resulting in liver
inflammation and the development of alcohol-induced liver
disease (Yang et al., 2017). Therefore, regulating intestinal fungal
dysbiosis and inhibiting the Dectin-1/IL-1f signaling pathway can
ameliorate alcohol-related liver injury (Wu et al., 2020). Moreover,
the CLEC7A-independent pathway contributes to alcohol-
associated liver disease. Candidalysin is a toxin secreted by C
albicans, the number of which is increased in the feces of patients
with alcoholic hepatitis (Chu et al., 2020). Candidalysin triggers
epithelial cellular stress, leading to necrotic death (Blagojevic
et al.,, 2021). It also damages hepatocytes directly and enhances
alcohol-associated liver disease independent of CLEC7A (Chu
et al., 2020). Furthermore, C albicans may interact with immune
cells in the intestines through TLR2 and TLR4 (Li et al., 2018). Gut
fungi (Meyerozyma guilliermondii) also induce production of pros-
taglandin 2 in the liver, which may be associated with alcoholic
hepatic steatosis (Sun et al., 2020). Thus, inflammation triggered
by gut fungi may be 1 of the mechanisms in alcohol-induced liver
disease. Interestingly, Lactobacillus rhamnosus moderates intes-
tinal injury by reducing gut Candida and improves intestinal bac-
terial conditions (Panpetch et al., 2021). In patients with alcoholic
hepatitis, both positive association (Cladosporium and Gemmiger)
and negative association (Cryptococcus and Pseudomonas) have
been found between fungi and bacteria (Gao et al., 2021a), sug-
gesting the interaction between the gut bacterial microbiota and
nonbacterial microbiota. Therefore, alcohol may interrupt the
microbiota balance, resulting in liver inflammation and alcohol-
related liver diseases.

Alcohol Alters the Gut-Liver/Brain/Lung Axis

In this section, we used 3 sets of search terms—alcohol (including
alcohol, ethanol, and alcohol use disorder), gut (including gut, micro-
biota, bacteria, fungi, and viruses), and liver/brain/lung—to perform
literature searches in PubMed. Those articles that were pub-
lished in English and met the topic “alcohol alters the gut-liver/
brain/lung axis” were included for review.

The Gut-Liver Axis—Alcohol affects the cross-talk between
gut microbiota and the liver. In patients with severe alcoholic

hepatitis, the diversity of microbiota is changed (Kim et al., 2021),
more specifically, with Akkermansia decreased while Veillonella
increased (Lang et al., 2020). Alcohol abstinence causes different
microbial responses in patients with AUD, with different de-
grees of hepatic steatosis (Gao et al., 2020). In germ-free mice, al-
cohol consumption causes only mild neutrophil infiltration and
proinflammatory cytokine levels in the liver, with no liver injury
(Canesso et al., 2014). This finding appears to be contradicted by
another study, however, that demonstrates that germ-free mice
have greater liver injury and inflammation after alcohol intake
(Chen et al.,, 2015a). The absence of microbiota also increases
hepatic expression of alcohol-metabolizing enzymes (Chen et
al., 2015a). Mice harboring the intestinal microbiota from pa-
tients with severe alcoholic hepatitis have more severe liver in-
flammation (Llopis et al., 2016). These findings suggest that gut
microbiota affects liver function.

Excessive consumption of alcohol changes the circu-
lating microbiome and may lead to severe alcoholic hepatitis
(Ciocan et al., 2018; Llopis et al., 2016; Puri et al., 2018). In add-
ition, alcohol dependence and relevant liver dysfunction in-
fluence the gut microbiota negatively (Dubinkina et al., 2017).
The microbiota changes, in turn, may result in bacterial trans-
location to the liver (Bluemel et al., 2020), leading to increased
liver injury. Alcohol reduces claudin-1, intestine trefoil factor,
P-glycoprotein, and cathelin-related antimicrobial peptide in
the ileum and increases their transcription factor hypoxia-
inducible factor-2a, leading to increased intestinal permeability
and endotoxemia (Wang et al., 2012b). The intestinal epithelial
and vascular permeability influences fecal microbiota dysbiosis
(Maccioni et al., 2020). Interestingly, L rhamnosus GG culture
supernatants can suppress the alcohol-induced intestinal im-
pairment and subsequently liver injury (Wang et al., 2012b).
Thus, regulating the gut microbiota is a potential strategy to
treat the alcoholic liver injury. In patients with alcoholic hepa-
titis, oral supplementation with the cultured L form of Bacillus
subtilis/Streptococcus faecium improves liver function and de-
creases TNF-a and Escherichia coli levels (Han et al., 2015). Oral
intestinal alkaline phosphatase supplementation or intestinal
microbiota manipulation could prevent alcohol-induced liver
injury by decreasing endotoxins, maintaining immune homeo-
stasis, and reducing inflammation (Hamarneh et al., 2017;
Llopis et al., 2016; Tian et al., 2020; Yu et al., 2020).

Chronic excessive alcohol intake causes liver injury, which
in turn disturbs the balance of microbiota. Alcohol produces
damage to the liver and colon and changes the levels of bile
acid, secondary bile acid, serotonin, and taurine (Hartmann
et al.,, 2018; Wang et al., 2018). Bile acids are molecules pro-
duced by the liver; they play a role through its receptor, TGRS.
Deficiency of TGRS results in microbiota dysbiosis and worsens
alcohol-induced liver injury (Spatz et al., 2021). In addition, bile
acid-FXR-FGF15 signaling may be involved in alcohol-induced
liver disease (Hartmann et al., 2018), indicating that bile acid
can be an important modulator in alcohol-induced liver injury.

The Gut-Brain Axis—Gut microbiota is involved in regulating
brain functions and behaviors, which are changed by chronic
alcohol exposure. Gut microbiota composition contributes to al-
cohol withdrawal-induced anxiety (Xiao et al., 2018). The alter-
ation of gut microbiota increases the possibility of developing
depression, anxiety, and alcohol craving (Leclercq et al., 2014b;
Rodriguez-Rabassa et al., 2020), which are related to the
changes in proinflammatory cytokines and anti-inflammatory
cytokine, such as LPS, IL-6, and IL-10 (Leclercq et al., 2012;
Rodriguez-Rabassa et al., 2020). Intestinally derived LPS, which
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is ubiquitous in the gut lumen, increases anxiety-like behavior
in mice, most likely by regulating the TLR4 pathway (Fields et
al., 2018). Interestingly, fecal microbiota transplant reduces al-
cohol craving and AUD-related events (Bajaj et al., 2021). This
finding is consistent with the findings that the microbiota is
involved in alcohol-induced anxiety and depression, prob-
ably through regulating brain-derived neurotrophic factor, the
a-1 subunit of GABA, receptors, metabotropic glutamate re-
ceptor 1, and protein kinase C ¢ in specific brain areas (Xu et
al., 2019; Zhao et al., 2020). In addition, the vagus nerve links
the gut microbiota information to the brain, which can account
for bilateral vagotomy-induced drastic inhibition of alcohol in-
take in rats (Ezquer et al., 2021). Therefore, the effect of alcohol
can be mediated through the gut-vagus-brain axis. Because the
gut microbiota is importantly involved in the development of
alcohol-associated brain dysfunction, transplantation of fecal
microbiota could be an approach to treatment of alcohol-
induced anxiety and depression (Xu et al., 2018). Antibiotic treat-
ment also prevents chronic intermittent alcohol intake-induced
depression-like behavior and the increase in kynurenine in the
limbic forebrain (Giménez-Gémez et al., 2019).

Short-chain fatty acids are microbial metabolites that have
various effects in brain disorders. For example, microbial short-
chain fatty acids alleviate stress-induced brain-gut axis alter-
ations (van de Wouw et al., 2018), promote poststroke recovery
in aged mice (Lee et al., 2020), modulate microglia, promote
AP plaque deposition (Colombo et al., 2021), and contribute to
neuropathic pain (Zhou et al., 2021). The roles of short-chain
fatty acids in gut-brain communication have been reviewed
recently (Dalile et al., 2019; Silva et al., 2020). In addition to
short-chain fatty acids, gut bacterial microbiota-derived pep-
tidoglycan can be translocated into the brain and sensed by
specific pattern-recognition receptors of the innate immune
system (Arentsen et al., 2017). After entering the brain, peptido-
glycan induces inflammation and neurotoxicity in mice (Arroyo
et al., 2018). Hence, gut bacterial microbiota can affect brain
function through short-chain fatty acids and peptidoglycan. In
addition to the bacterial microbiota metabolites, fungal toxin
candidalysin carries another potential risk of brain disorders.
Candidalysin induces neutrophil-recruiting production of IL-1f
and CXCL1 in microglial cells (Drummond et al., 2019). Taken
together, gut microbiota—secreted factors are mediators in gut-
brain communication.

The Gut-Lung Axis—It has been recognized that alcohol abuse
increases the risk of pneumonia and acute respiratory distress
syndrome (Kershaw and Guidot, 2008; Moss and Burnham,
2003). In bronchoalveolar lavage fluid from humans with acute
respiratory distress syndrome, gut-specific bacteria Bacteroides
species are enriched, which is correlated with the intensity of
systemic inflammation (Dickson et al., 2016), suggesting the
existence of gut-lung cross-talk. Gram-negative taxa in the re-
spiratory tract of individuals with AUD have been shown to be
significantly increased (Samuelson et al., 2018). The retained
bacterial products (eg, LPS) may increase pulmonary inflam-
mation, which may in turn benefit the alcohol-associated bac-
terial pathogens (Streptococcus pneumoniae, Klebsiella pneumoniae,
and Legionella pneumophilia) (Samuelson et al., 2018). Gut micro-
biota dysbiosis can induce outgrowth of opportunistic patho-
gens, which contributes to chronic inflammation at distal sites
(Budden et al,, 2017). Animal studies have also demonstrated
that alcohol-induced dysbiosis increases host susceptibility
to K pneumonia (Samuelson et al., 2017). Collectively, alcohol-
associated dysbiosis is a risk factor for respiratory inflammation.

Host PDEs for Treating AUD

In eukaryotes, PDEs have 11 families (PDE1-11), some of which
consist of 2 to 4 subtypes. Most of the PDEs are highly or moder-
ately expressed or at least detectable in the brain, such as PDEL1,
PDE2, PDE4, and PDE9 (Lakics et al., 2010; Perez-Torres et al., 2000;
Reyes-Irisarri et al., 2007). To date, approved treatments for AUD
are still limited in clinic, although many clinical trials have been
conducted for more potential medications for alcohol depend-
ence or AUD. Recently, pharmacotherapies for AUD have been
reviewed in various publications (Castrén et al., 2019; Kranzler
and Soyka, 2018; Palpacuer et al., 2018). To update the recent ad-
vances in clinical trials of pharmacological treatment for AUD,
we conducted a PubMed search using the key words alcohol
use disorder and clinical trial, narrowing the time window from
January 2019 to December 2021 and restricting the language of
publication to English. Of the 8 studies that met the criteria for
clinical trials of pharmacotherapy for AUD (Anton et al., 2020;
Brown et al., 2019a; Burnette et al., 2021; Coker et al., 2020; Falk
et al., 2019; Garbutt et al., 2021; Grodin et al., 2021; Mariani et al.,
2021), 2 focused on ibudilast, a nonselective PDE inhibitor that
inhibits PDE3, 4, 10, and 11. Ibudilast has been shown to produce
potential effects in the treatment of AUD, including reduction in
alcohol drinking and improvement of mood (Grodin et al., 2021,
Ray et al., 2017), indicating that host cyclic nucleotide PDEs are
potential targets for the treatment of AUD.

In the human liver, all PDEs except for the PDE6 can be de-
tected. Similarly, the messenger RNA (mRNA) of PDE1 through 5
and PDE7 through 10 are expressed in the human lung (Lakics
et al.,, 2010). Moreover, it has been shown that PDE inhibitors
have beneficial effects in patients with liver or lung diseases.
For instance, the PDE4 inhibitor roflumilast can safely be used
in patients with mild and moderate liver cirrhosis (Hermann
et al., 2007); the PDE4B inhibitor BI 1015550 prevents a decrease
in lung function in patients with idiopathic pulmonary fibrosis
(Richeldi et al., 2022). More studies are needed, however, to de-
termine whether PDE inhibitors are beneficial to patients with
AUD-associated liver or lung diseases.

Microbiota-Related PDE Signaling: A Potential Role in
AUD Consequences

PDE Expression in the Microbiota—In addition to the eukaryote,
PDEs are also present in the prokaryote (Matange, 2015). For
instance, Rv0805, a PDE found in Mycobacterium tuberculosis
(Malhotra and Chakraborti, 2016), has most recently been identi-
fied and found to reduce cAMP levels, impair bioenergetics, and
disrupt peptidoglycan biosynthesis (Thomson et al., 2022). In
addition to cAMP hydrolysis, mycobacterial PDE is involved in
regulating cell wall permeability (Podobnik et al., 2009). CpdA is
a cAMP PDE identified from E coli (Imamura et al., 1996; Matange,
2015). It is also expressed in Vibrio vulnificus and Pseudomonas
aeruginosa (Fuchs et al., 2010; Kim et al., 2009). In V vulnificus (a
pathogenic bacterium), CpdA, which catalyzes the conversion of
cAMP to AMBP, is activated by the cAMP-cAMP receptor protein
complex (Kim et al., 2009). In P aeruginosa, intracellular cAMP
accumulation increased following the deletion of CpdA (Fuchs
et al., 2010). Similar to cAMP and ¢cGMP, c-di-AMP and c-di-GMP
are 2 important second messengers found in bacteria, and they
are degraded by PDEs. It has been known that rmdB encodes a
PDE for c-di-GMP hydrolysis. In Streptomyces albus, inactivation
of rmdB positively correlates with c-di-GMP and moenomycin
A accumulation (Makitrynskyy et al.,, 2020). Taken together,
microbiota-associated PDEs play important roles in regulating
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cell wall permeability and virulence, which may further affect
the level of inflammation.

Microbiota PDE-Associated Signaling in AUD Consequences—PDE
signaling plays an important role in AUD and microbiota, making
it a potential mediator to link the microbiota and AUD. As dis-
cussed earlier, the metabolites and growth of gut microbiota are
associated with AUD. In the following section, we summarize
the relationship between microbiota-related PDE signaling
and AUD consequences. We performed literature searches in
PubMed by using 2 sets of search terms: PDE signaling (including
phosphodiesterase, cyclic nucleotide, cAMP, and cGMP) and microbiota
(including microbiota, bacteria, and fungi)/microbiota metabolite
(including fatty acid, lipopolysaccharide, peptidoglycans, B-glucan,
and candidalysin). The articles published in English that met the
topics were selected for review.

PDEs catalyze the hydrolysis of cAMP and cGMP, which can
be triggered by external stimuli and signals. Cyclic nucleotides
are involved in the biological effects of various organisms,
including the microbiota. Both bacterial and nonbacterial types
of microbiota can mediate the host environment through cAMP
signaling (McDonough and Rodriguez, 2012). In bacteria, cAMP/
cGMP signaling is part of the defense system (Cohen et al., 2019).
In recent years, the role of cAMP in regulating the microbiota
has been supported by increasing evidence. Given that some
PDEs regulate intrabacterial cAMP levels (Matange, 2015), PDEs

may play an essential role in the mediation of alcohol depend-
ence and abuse through the control of intracellular levels of
cyclic nucleotides.

The mucosal barrier is essential for gut integrity: It prevents
microorganisms and toxins from entering the systemic circu-
lation. Studies have shown that the PDE3 inhibitor olprinone
reduces gut mucosal injury and portal endotoxin levels (Satoh
et al., 2003). PDE4B can drive acute and chronic inflammation,
which is exacerbated by gut dysbiosis and endotoxemia (Myers
etal., 2019). During enterotoxigenic E coli infection, PDES restricts
intracellular cGMP accumulation (Foulke-Abel et al., 2020). These
studies suggest that the gut microbiota regulates inflammation
partly through PDEs signaling. The gut microbiota generates the
short-chain fatty acids butyrate and propionate, which activate
intestinal gluconeogenesis gene expression through the cAMP-
dependent pathway and the gut-brain neural circuit involving
the free fatty acid receptor 3, respectively (De Vadder et al., 2014).
In addition, butyrate activates cAMP-protein kinase A (PKA)-
cAMP response element-binding protein signaling (Wang et al.,
2012a), while free fatty acid receptor 3 modulates cAMP (Mizuta
et al.,, 2020). Therefore, the effect of short-chain fatty acids on
cAMP signaling plays a potential role in the gut-brain axis. An
endotoxin from the gut microbiota, LPS induces Pde4b2 mRNA
expression without changing Pde4a or Pde4d in mouse macro-
phage cells (Gobejishvili et al., 2011). Because alcohol changes
the metabolites and products of the gut microbiota (Bjgrkhaug
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Figure 1. Alcohol use disorder (AUD) produces dysfunction of the liver, lung, and brain through the gut-liver/lung/brain axis, respectively. Excessive alcohol consump-
tion changes the gut microbiota, including bacterial and nonbacterial types. Fatty acids from bacterial microbiota are involved in intestinal gluconeogenesis through
cyclic adenosine monophosphate (cAMP) signaling, which is impaired by lipopolysaccharides (LPSs) by upregulating phosphodiesterase (PDE) 4B2, leading to further
changes in intestinal gluconeogenesis. Productions of bacterial microbiota (LPS and peptidoglycans) and nonbacterial microbiota (3-glucan and Candidalysin) cause
endotoxemia and inflammation, resulting in alcohol liver/lung injury and brain dysfunction. PDE1 and PDE2 regulate nonbacterial microbiota through cAMP signaling.
Gut microbiota-related brain dysfunction may lead to higher alcohol intake and preference. Treatment with PDE inhibitors not only improves AUD but promotes the
balance and compositions of gut microbiota, as well, which in turn further benefits AUD through the gut-liver, gut-lung, and gut-brain axes. ARDS, acute respiratory

distress syndrome; PKA, protein kinase A.
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et al., 2017), it is possible that microbiota-mediated PDE-cAMP
signaling plays a role in the mediation of AUD.

As discussed earlier, patients with AUD have overgrowth of
the fungus Candida (Lang et al., 2019; Yang et al.,, 2017). Thus,
modulating Candida may be a potential strategy to reduce
alcohol-associated liver injury. C albicans is 1 type of Candida
that is changed by alcohol. It has been demonstrated that the
Ras-cAMP-PKA pathway of C albicans is important for replica-
tion, survival, and microcolony formation (Kumar et al., 2020;
She et al.,, 2020). The reduction of intracellular cAMP suppresses
C albicans filamentation (Li et al., 2020). Pdel and Pde2 are com-
ponents of the Ras-cAMP-PKA pathway in C albicans (Huang et
al., 2019). Deletion of PDE2 changes cellular walls and mem-
branes of C albicans and affects stress responses and virulence
(Jung et al., 2005; Wilson et al., 2007). Also, cAMP signaling con-
trols fungal dimorphic switching and pathogenicity (Bores-
Walmsley and Walmsley, 2000) and regulates development and
virulence of fungi (D’Souza and Heitman, 2001). The increased
expression of the PDE2 gene in germ tubes not only inhibits
CAP1-dependent synthesis of cAMP and hypha production but
also promotes the virulence of C albicans (Bahn et al., 2003).
Moreover, the interaction of PDE1 (and in some cases, PDE2)
with GPA2 affects the growth, morphogenesis, and responses to
some stresses of C albicans (Wilson et al., 2010). In addition to the
growth of fungi, Pde1 and Pde2 play roles in bacterial growth (Bai
et al.,, 2013). Taken together, PDE-cAMP signaling is a potential
modulator involved in the function of the gut microbiota, which
further mediates alcohol-induced disorders.

Conclusions

Excessive alcohol consumption not only causes AUD but also
abnormally changes the gut and lung microbiota, which fur-
ther causes dysfunctions of the liver, lung, and brain. PDE-
cAMP signaling mediated by gut microbiota, both bacterial and
nonbacterial, plays an importantrole in the mediation of alcohol-
related disorders (Figure 1). Treatment with PDE inhibitors im-
proves AUD, and they are effective in treating AUD-associated
diseases through promotion of the balance and composition of
gut microbiota, which in turn further benefits AUD via 3 axes:
the gut-liver, gut-lung, and gut-brain axes. Unfortunately, the
discussion on this point cannot be comprehensive because the
literature on microbiota-related PDE signaling in AUD is limited.
Further studies are needed to better understand the mechan-
isms of microbiota-mediated PDE signaling in AUD.
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