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Abstract

Fatty acids are energy substrates and cell components which participate in
regulating signal transduction, transcription factor activity and secretion of
bioactive lipid mediators. The acyl-CoA synthetases (ACSs) family containing 26
family members exhibits tissue-specific distribution, distinct fatty acid substrate
preferences and diverse biological functions. Increasing evidence indicates that
dysregulation of fatty acid metabolism in the liver-gut axis, designated as the
bidirectional relationship between the gut, microbiome and liver, is closely
associated with a range of human diseases including metabolic disorders, inflam-
matory disease and carcinoma in the gastrointestinal tract and liver. In this
review, we depict the role of ACSs in fatty acid metabolism, possible molecular
mechanisms through which they exert functions, and their involvement in hepato-
cellular and colorectal carcinoma, with particular attention paid to long-chain
fatty acids and small-chain fatty acids. Additionally, the liver-gut communication
and the liver and gut intersection with the microbiome as well as diseases related
to microbiota imbalance in the liver-gut axis are addressed. Moreover, the
development of potentially therapeutic small molecules, proteins and compounds
targeting ACSs in cancer treatment is summarized.

Key Words: Long-chain fatty acids; Short-chain fatty acids; Acyl-CoA synthetases;
Microbiota; Liver-gut axis
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Core Tip: To understand the role of acyl-CoA synthetases (ACSs) in the fatty acid
metabolism, it is necessary to explore the biological function, gene interactions/
regulations and signal pathways in physiological and pathological conditions. Growing
evidence demonstrates that the control of microbial balance plays an important role in
maintaining homeostasis and normal functions of the /iver-gut axis, and the bidirec-
tional communication in turn affects microbial communities. As novel therapeutic
targets, miRNAs are receiving more and more attention, together with other com-
pounds targeting ACSs.

Citation: Ma Y, Nenkov M, Chen Y, Press AT, Kaemmerer E, Gassler N. Fatty acid metabolism
and acyl-CoA synthetases in the liver-gut axis. World J Hepatol 2021; 13(11): 1512-1533

URL: https://www.wjgnet.com/1948-5182/full/v13/i11/1512.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i11.1512

INTRODUCTION

Lipids, one of three main nutrients, are mainly composed of fatty acids (FAs), trigly-
cerides (TGs), phospholipid and cholesterol. Lipid metabolites are involved in various
biological functions and physiological processes, ranging from energy storage and
degradation and structural composition to molecule signaling as well as signal
transduction cascade[1].

The liver-gut axis plays a critical role in the homeostasis of lipid metabolism in the
human body during the feed-fast cycle. Free FAs are absorbed by enterocyte and
intestine-derived products released into portal blood which is directed to the liver; in
turn, the liver responds by secreting bile acids (BAs) to the intestine via the biliary
tract. BAs are transported back to the liver via enterohepatic circulation. Since the
Volta group identified the important role of microorganisms in the liver-gut axis for the
first time[2], a number of studies have confirmed that gut microbiota, described as an
invisible metabolic ‘organ’, has a tight and coordinated connection with the gut and
liver[3,4]. The intestinal mucosal barrier either acts as a physical barrier or lives in
symbiosis with microbiota. Once the balance of symbiosis is disrupted, microbiota
responds to this imbalance, microbiota metabolites (short-chain fatty acids, SCFAs) are
modified and circulated into the liver. Aberrant lipid metabolism in the liver-gut axis
has been linked with intestinal bowel diseases and diverse liver diseases[5].

Around 95% of dietary lipids absorbed are TGs, mainly composed of long-chain
fatty acids (LCFAs)[6]. Fatty acid metabolism takes place mainly in intestinal
enterocytes and hepatocytes, further assisted by adipocytes and other cell types. To
become further involved in both anabolic and catabolic pathways, FAs must be taken
up and activated by thioesterification. This ATP-mediated coupling reaction of FAs
with coenzyme A is catalyzed by the enzymes called acyl-CoA synthetases (ACSs).
ACSs are classified into five groups according to the fatty acid chain length: short-
chain, medium-chain, bubblegum-chain, long-chain and very-long-chain acyl CoA
synthetases (ACSVLs)[7]. ACSVLs as membrane channel proteins have been identified
as a major enzyme responsible for LCFA uptake and activation[8]. Long-chain acyl-
CoA synthetases (ACSLs) are responsible for the catalyzation of intracellular free
LCFAs which are transported by other transport proteins, such as fatty acid translo-
case (CD36) and fatty acid binding proteins (FABPs)[9]. Short-chain acyl-CoA
synthetases (ACSSs) are involved in the activation of microbiota-derived SCFAs, such
as acetate and propionate[10] (Table 1).

In this review, we will summarize the functional role of ACSs in fatty acid
metabolism, focusing on LCFAs and SCFAs, as well as potential therapeutic targets of
ACSs. Furthermore, we will explore the influence of dietary diversity on microbiota
and the microbial metabolites, and their bidirectional communication in the liver-gut
axis.

1513 November 27,2021 | Volume13 | Issuell |
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Table 1 miRNA and compounds targeting acyl-CoA synthetases

Type Name Target Mechanism Ref.
miRNA miR-205 ACSL4/ACSL1 Inhibition of ACSL4/ACSL1 in hepatocellular [155,171]
carcinoma
miR-211-5p ACSL4 Inhibition of ACSL4 in hepatocellular carcinoma [172]
miR-19b-1 ACSL1/ACSL4/SCD1 Inhibition of ACSL1/ACSL4/SCD1 axis in colorectal ~ [173]
cancer
miR-142-3p ACSL1/ACSL4/SCD1 Inhibition of ACSL1/ACSL4/SCD1 axis in colorectal — [173,174]
cancer
miR-34c ACSL1 Inhibition of ACSL1 and induction of liver [175]
fibrogenesis
miR-497-5p ACSL5 Inhibition of ACSL5 in colon cancer [170]
Compounds Triacsin C ACSL1/ACSL3/ACSL4 and Inhibition of ACSL1/ACSL3/ACSL4 and ACSL5' [177,178]
ACSL5'
Roglitazone Pioglitazone ACSL4 Inhibition of ACSL4 [179-181]
Troglitazone
Lipofermata FATP2 Inhibition of FATP2 [191,192]
Grassofermata FATP2 Inhibition of FATP2 [191,193,
194]
Ursodiol chenodiol FATP5 Inhibition of FATP5 in liver [195]
Fenofibrate PPARa Indirect activation of FATP in liver predominantly [196,197]

MTriacsin C is also competitive inhibitor of ACSL5 when used in higher concentration.
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FATTY ACID METABOLISM MEDIATED BY ACYL-COA SYNTHETASES IN
THE LIVER-GUT AXIS

Circulation of fatty acids and bile acids in the liver-gut axis

Intestinal absorption of FAs is a multistep process that includes digestion, uptake and
absorption and needs to cooperate with large numbers of enzymes secreted by series
of organs in the gastrointestinal tract[11]. TGs are first released from a fatty diet after
digestion with lingual and gastric lipase in the stomach, and released TGs are further
hydrolyzed by pancreatic lipase to produce 2-monoacylglycerides and free FAs[12].
Sequentially those digested FAs mix with BAs and emulsify to form spherical water-
soluble droplets, called micelles (MCs). With intestinal peristalsis, MCs are transported
to the small intestinal lumen and further translocated into the apical membrane of
enterocytes.

In intestinal enterocytes, absorbed LCFAs experience a series of catabolic metabo-
lisms for energy supply for massive biological activities, and anabolic metabolism to
reconstitute lipids. Newly synthesized lipids are incorporated into transport vehicles,
chylomicrons (CMs), that are later liberated from enterocytes, and then transported to
the liver through the hepatic portal vein. The liver is the major processing factory of
FAs and regulates and balances lipid homeostasis systemically in the liver-gut axis.
Fatty acid uptake and metabolism occur in hepatocytes. During feeding, hepatocytes
take up the influx of FAs and get rid of FAs via B-oxidation to produce energy, and
reformed TGs integrated into CMs partition into two pathways: (1) Secreted into
bloodstream; and (2) transported and stored in adipose tissue. During fasting or
starvation, hepatocytes recycle TGs from lipid droplets and adipose tissue, and initiate
de novo lipogenesis by using other energy sources in the liver, such as carbohydrates
[13,14]. Therefore, the pool of FAs is always in dynamic equilibrium between dietary
absorption in the enterocytes, process and lipogenesis in the liver and liver feedback
regulation via BAs during the feed-fast cycle.

As previously mentioned, BAs are involved not only in facilitating MC formation,
but also as signaling molecules and metabolic regulators of lipid/ glucose metabolism,
energy homeostasis and inflammation in the liver-gut axis[15]. It has been demon-
strated that a higher level of BAs can be detected in the tissues of the liver-gut axis
compared to peripheral blood[16]. Primary BAs are synthesized in the hepatocytes and
secreted into the small intestine; most of them are reabsorbed in the ileum. A small

1514 November 27,2021 | Volume13 | Issuell |



Jaishideng®

Ma'Y et al. Acyl-CoA synthetases

number of unabsorbed BAs are taken up by microbiota and metabolized into
secondary BAs[17]. In enterocytes BAs are reabsorbed through the apical sodium-
dependent BA transporter (ASBT), carried by the intestinal bile acid-binding protein
(FABP6) and released into portal blood via heterodimeric transporter OSTa/OSTf. BA
activation of the nuclear farnesoid X receptor (FXR) also upregulates FABP6, OSTa
/OSTP and fibroblast growth factor 19 (FGF19), which further inhibits BAs synthesis.
In hepatocytes, the transport of BAs is mediated by sodium-taurocholate cotrans-
porting polypeptide (NTCP) and organic anion transporters (OATPs). BAs acting as an
activator of hepatic FXR regulate the expression of genes involved in bile acid
transport and synthesis. This enterohepatic circulation of BAs plays a critical role in
maintaining the BAs pool in the liver-gut axis[18,19].

Long-chain fatty acid transport to enterocytes and hepatocytes

Free fatty acid uptake is requested across the phospholipid bilayer in the mammalian
membrane. It is widely known that LCFAs can be taken up into cells via flip-flop
diffusion with rate limiting[20,21]. High permeability of LCFA transport is mediated
by several membrane-associated transport proteins including FA transport proteins
(FATPs), FABPs, CD36 and caveolin (CAV)[9].

FATP1-6 (fatp in mice, also called ACSVL1-6) is a group of enzymatic proteins with
double capabilities of transport and activation. FATP can trap and activate a broad
range of LCFA and VLCFA to form acyl-CoA[9,22]. Different FATP family members
have tissue-specific expression patterns[23]. In the intestine, FATP4 (ACSVLY5) is
strongly expressed in intestinal villi but not in crypts, which plays an important role in
fatty acid absorption[24]. Fapt4-null mice display an embryonic lethality with a
defective epidermal barrier. Fapt4 depletion alters the ceramide fatty acid composition
significantly, especially in saturated VLCFA substitutes C26:0 and C26:0-OH[25].
FAPT5 (ACSVL6) mainly transports BAs but also LCFAs, is only expressed in the liver
and particularly in the basal membrane of hepatocytes[8,26]. Fapt5 knockout mice
showed this defective bile acid conjugation, indicating that Fapt5 is essential for fatty
acid uptake by hepatocytes and maintenance of the lipid balance which further
regulates body weight[27]. With the discovery of the topological structure of murine
FAPT1 containing one transmembrane domain and a large cytoplasm domain[28],
different mechanisms of FATP1 transporting exogenous FAs into cells have been
proposed, one of which is vectorial transport or flipase function[29]. Moreover, BAs
acting as a FATP5 antagonist dramatically decrease hepatic fatty acid uptake as well as
liver triglyceride synthesis[30].

FABP 1-9 (fabp in mice) are a fatty acid binding protein superfamily that binds to
FAs, cholesterol or other non-esterified FAs, facilitate fatty acid uptake and lipid
metabolism[31]. FABP appears in two distinct forms depending on localization: one is
peripheral membrane protein (FABPpm) and the other is intracellular/cytoplasmic
protein (FABPc)[32]. Like FATP, different family members of FABPs exhibit organ-
specific expression. FABP2 (Intestinal-FABP, I-FABP) encodes the intestinal form
which is only expressed in the small intestine, and FABP-1(Liver-FABP, L-FABP) is
only expressed in the liver[33]. I-FABP and L-FABP are all cytoplasmic proteins, but it
is reported that they deliver FAs through different mechanisms of L-FABP in diffusion
and I-FABP in collision[34]. L-fabp-null mice showed a reduced uptake of LCFAs as
well as new biosynthesis for lipid storage or secretion, suggesting the important role of
L-fabp in fatty acid esterification at endoplasmic reticulum (ER)[35]. Furthermore, L-
FABP depletion suppresses lipid catabolism in mitochondria and downregulates the
transcription of oxidative enzymes through inhibition of peroxisome proliferator-
activated receptor (PPARa) transcriptor in the nucleus[36,37].

CD36, officially designated as scavenger receptor B2 (SR-B2), is a transmembrane
glycoprotein which has a broad range of binding profiles including LCFAs, plasma
lipoproteins, phospholipids, collagen[38]. CD36 whole body knockout mice showed
significantly decreased fatty acid uptake in the heart and skeletal muscle[39]. In the
intestine, CD36 is only detected in the duodenal and jejunal parts and plays a critical
role for fatty acid and cholesterol uptake in the small intestine[40]. Although CD36 has
a very low expression level in the liver, CD36 liver-specific knockout in the steatosis
model indicated that CD36 deletion reduces lipid content and inflammation and
improves insulin sensitivity[41].

CAV 1-3 (cav in mice) are intramembrane proteins which are responsible for
caveolae formation. CAV1 as a cholesterol-binding protein is implicated in cholesterol
trafficking and absorption[42]. However, Cavl knockout mice did not show a
compensatory mechanism to increase other family members, such as Cav2 and Cav3,
and cholesterol absorption and sterol excretion were also not changed in the intestine
[43]. Additionally, CAV1 also acts as a cytosolic intermediate form involved in
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lipogenesis and lipid body formation during liver regeneration[44].

It is widely recognized that several fatty acid transport proteins cooperate synergist-
ically to accomplish the process of fatty acid transport (Figure 1). Due to the tissue-
specific expression pattern, FATP4, FABPpm, FABP-I, CD36 are main types in the
intestine and FATP5, FABPpm, FABP-L, CD36 are major types in the liver. Partial
LCFAs are activated during transport via FATP. The rest of the LCFAs are grabbed by
FABPpm and presented to CD36. Free cytosolic LCFAs is not only activated by ACSLs
for esterification of acyl-CoA but also trapped by FABPc for subcellular function.
Generated acyl-CoA as a raw material initiates the subsequent metabolism pathway to
produce energy or synthesize diverse complex lipids. In addition, acyl-CoA can be
deactivated to free FAs and CoA, and this process is mediated by acyl-CoA thioes-
terases (ACOTs). ACSLs and ACOTs are two critical enzymes helping to control the
dynamic balance between acyl-CoA and free FAs.

Long-chain fatty acid activation in enterocytes and hepatocytes

As mentioned previously, most of the abundant dietary FAs are LCFAs so ACSLs are
addressed in more details here. In humans and rodents there are five existing ACSL
isoforms namely ACSL1, ACSL3, ACSL4, ACSL5 and ACSL6 (acsl in mice), each one
coded by the different gene containing several splice variants[45]. Due to the
differences in the 5’UTRs, the first coding exon, alternative coding exons and
exchangeable motifs, different variants of each ACSL isoform are available[46]. The
ACSL isoforms have two motifs: ATP binding and fatty acid binding[47]. The fatty
acid binding tunnel located at the N-terminal domain has been linked to the substrate
specificity of each ACSL isoform[48]. Since the N-terminal domain varies between the
different ACSL isoforms, it contributes to the substrate preference of each family
member and its different subcellular localization which is essential for vectorial
acylation[49].

ACSL1 is predominantly located in the liver. Knockout of ACSL1 in the liver
demonstrated a reduction in total ACSL activity of up to 50%, together with a decrease
in the hepatic amount of acyl-CoA and a decreased level of oleic acid-derived TG[1,
50]. Acsl1 deficient mice showed a 50% reduction in the amount of long-chain acyl-
carnitines, leading to the conclusion that the loss of Acsll impaired partitioning of its
products into TG synthesis and oxidation pathways[1]. Due to its both endoplasmic
and mitochondrial localization, ACSL1 directs its metabolites to both the anabolic (TG
synthesis ) and catabolic (B-oxidation) pathway[1].

ACSL3 Localization is linked to the lipid droplets and ER in the liver and other
tissue. The increase in fatty acid uptake causes a transition of ACSL3 from ER to the
lipid droplets, suggesting its role in neutral lipid synthesis[1]. Knockdown of ACSL3
reduced the activity of transcription factors including PPARy, ChREBP, SREBP1C and
Liver X receptor and their target genes involved in hepatic lipogenesis[1]. ACSL3
activates FAs incorporated into phospholipids, which are used for very-low density
lipoprotein (VLDL) production[50]. As revealed by Yan et al, ACSL3 knockdown
decreased the level of VLDL in hepatic cells[50]. Besides its role in the activation of
FAs, overexpression of ACSL3 was found to be able to induce cellular fatty acid
uptake[51].

ACSLA4 is mostly expressed in adrenal glands and steroid-producing organs[52,53].
The role of ACSLA4 is related to the activation of polyunsaturated FAs in steroidogenic
tissue. ACSL4 has a preference for the arachidonic acid which is involved in the
eicosanoid synthesis.

The nuclear-coded ACSL5 is prominent in both the mitochondria and ER of the
intestinal mucosa and liver[50]. Highest expression was detected in the jejunum and
ACSL5 was assumed to be involved in dietary fatty acid absorption. However, studies
in acsl5 null mice showed no alteration in dietary fatty acid absorption but a
significant decrease in total ACSL activity[1]. In the liver, ACSL5 activates LCFAs
mostly of C18 carbon atoms, which are further incorporated into TGs, phospholipids
and cholesterol esters. According to previous reports, ACSL5 plays a role in the
metabolism of dietary FAs, but not in de novo synthetized ones[50,54,55]. Since ACSL5
is localized on the mitochondrial outer membrane, the activity was initially attributed
to B-oxidation. Some studies with ectopic expression of ACSLS5 failed to prove this, but
the increased synthesis of TGs and diglycerides was observed in the liver[54]. ACSL5
is a dominant activator of dietary LCFAs and displayed an 80% lower activity in total
acsl of the jejunum in acsl5 knockout mice[56]. ACSL5 is strongly expressed by
enterocytes in an ascending gradient along the crypt-villus axis with the highest
expression level at the villus tip; however, nuclear p-catenin, a hallmark of Wnt
activation, is expressed in a descending gradient along the crypt-villus axis[57],
suggesting an interplay between ACSL5 and Wnt activity during enterocyte differen-
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tiation and maturation[58].

ACSL6 is highly expressed in the brain where it plays a role in phospholipid
synthesis during neurite outgrowth. ACSL expression is controlled by the level of
intracellular FAs in physiological conditions[1].

Short-chain fatty acid transport and activation in enterocytes and hepatocytes
Microbiota-derived SCFAs cross the lipid membrane via different mechanisms: non-
ionized diffusion, Na*/H*-dependent gradient exchange[59,60]. Intracellular SCFAs
can shuttle between cytosol, nucleus and mitochondria via a diffusion mechanism[10,
60]. SCFA activation by ACSSs is the first step in utilizing the energy source. ACSS 1-3
(acss in mice) are encoded and designated in humans. ACSS1 and ACSS3 are localized
at the mitochondria matrix, while ACSS2 is a nuclear-cytosolic enzyme. ACSS1 and
ACSS2 activate acetate to thioester into acetyl-CoA, but ACSS3 favors propionate[10].

In humans, mitochondrial ACSS1 is most highly expressed in the brain, blood, testis
and intestine, also to a certain level in the heart, muscle and kidney, but not in the liver
or spleen[61]. In mice, ACSS1 is strongly expressed in the heart, kidney, skeletal
muscle and brown adipose tissue, which all need high energy expenditure[62]. Acssl
knockout mice showed a remarkably decreased acetate oxidation in the whole body
during fasting compared with the wild type, however, no histological changes were
detected in multiple tissues including the intestine and liver[63]. ACSS3 displays the
character of propionyl-CoA synthetase as well as the highest expression in the liver.
Knockdown of ACSS3 in hepG2 significantly decreases the activity of propionyl-CoA
synthetase. During fasting, ACSS3 is upregulated, which is probably linked to
ketogenesis, and ACSS2 is downregulated[64].

ACSS2 is most highly expressed in the liver and kidney[64,65]. Moffet et al[10]
introduced the concept that the expression of ACSS2 in different cell types is based on
the different physiological conditions to utilize acetate. Therefore, the liver is supposed
to be the main organ for processing acetate. With the feature of localization, ACSS2
catalyzes acetate into acetyl-CoA which is correlated with fatty acid biosynthesis in
cytosol, and retains acetate released from histone in the nucleus[66]. Acss2-deficient
mice with high-fat feeding can lighten fat deposition in the liver by regulating many
genes involved in lipid metabolism, suggesting that Acss2 acts as a transcription
regulator during lipogenesis[67].

The expression and localization pattern of ACSS 1-3 suggests that ACSS1 and
ACSS3 are responsible for energy production by using acetate in the intestine and liver
respectively. The majority of acetate is taken up by the liver, ACSS2 in cytoplasm is
involved in lipogenesis and is distributed to other organs in ketone bodies through
systemic circulation. Acetyl-CoA as a central metabolite can go into either energy
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production or lipid biosynthesis. ACSS1-3 plays a key role in regulating the level of
acetyl-CoA in the nucleus, mitochondria and cytoplasm (Figure 2).

MICROBIOTA UTILIZATION OF DIET, MICROBIOTA METABOLITES AND
THE ROLE OF MICROBIOTA IN THE LIVER-GUT AXIS

Dietary structure shapes the composition of microbiota

Gut microbiota, a diverse microbial community with approximately 100 trillion
microorganisms, is colonized in the gastrointestinal tract. In human adults, five
families microbiota are mainly Firmicutes, Bacteroidetes, Actinobacteria, Proteo-
bacteria and Verrucomicrobia, while phylum Firmicutes and Bacteroidetes make up
approximately 80% of all species[68].

A high-fiber intake population has higher diversity microbiota and more SCFAs
production than a high-calorie diet population, and two populations showed distinct
diet favor microbiota[69]. Bacteroides and Prevotella are two dominant groups which are
highly enriched in a high-protein/fat diet population and high-fiber population
respectively[70,71]. Moreover, the composition of fecal microbiota varies by age,
geography and lifestyle due to the behavior of microbiota dietary preferences[72]. The
term microbiota-accessible carbohydrates (MACs) introduced by Sonnenburg et al
refers to microbiota favorable-carbohydrates that cannot be digested by the host. Mice
feeding on a long-term low-MACs diet display a remarkably reduced diversity of
microflora containing mostly Bacteroildales and Clostridiales. Although the microbiota
composition cannot be restored after refeeding with a high-MAC diet, it increases
again mainly in Bacteroidales upon reintroduction of fecal microbiota[73].

SCFAs are metabolic end-products from specialized bacteria utilizing with
undigested dietary polysaccharides in human small intestine. The most abundant
SCFAs in the intestine are acetate (C2), propionate (C3) and butyrate (C4). The phylum
Bacteroidetes, the most abundant gram-negative bacteria with a high flexibility to
adapt the environment, are associated with acetate production[74]. Phylum Bacteroi-
detes and Negativicutes (Akkermansia muciniphila, family Veillonellacear and phylum
Firmicutes) are dominantly responsible for production of propionate by the succinate
pathway, small bacterial genera from phylum Firmicutes have been identified to form
propionate through the acrylate pathway, and distant Lachnospiraceae are known to
produce propionate by utilizing the propanediol pathway[75]. Several species from
families Lachnospiraceae, Ruminococcaceae and Erysipelotrichacear (Phylum
Firmicutes) produce butyrate via butyrate kinase route and butyryl-CoA:acetate CoA-
transferase route[76]. Diverse composition of microbiota has distinct SCFAs profiles,
and additionally, SCFAs-metabolic network is a cross-feeding microbial system
between different bacterial species[77].

In all, a high intake of MACs is pivotal in shaping the diversity and composition of
microbiota. Diverse microbiota-generated SCFAs reversely influence the microbial
communities and further act as a mediator is strongly involved in host-microbiota
cross-talk.

Utilization of long-chain fatty acid in microbiota

Microbiota can also employ luminal unabsorbed LCFAs directly as energy source once
there is a fermentable fiber deficiency[78]. LCFAs cross the cellular envelope in
bacteria and yeast, unlike in mammalian cells. In bacteria, FadL transports exogenous
LCFAs from outer membrane to periplasm, FadD (role as ACSLs) extracts LCFAs into
the cytoplasmic membrane and activates to form acyl-CoA. In yeast, Fatlp and
Faalp/Faa4p are required for LCFAs transport and activation respectively[29].
Moreover, LCFAs can also permeate the bilayers via the TolC channel in E. coli[79,80].

Subsequently activated acyl-CoA is degraded to acetyl-CoA via B-oxidation. Acetyl-
CoA is located at the crossroads of central metabolism[81]. During bacterial
overgrowth, acetyl-CoA is not only necessary only for energy generation via entering
citric acid cycle and respiratory chain, but also synthesizes new cell material via the
glyoxylate cycle. Moreover, the conversion from acetyl-CoA to acetate and ethanol
takes place through anaerobic fermentation due to oxidant deficiency[82].

In addition to being a nutrient, LCFAs serve as an environmental factor which
guides a series of gram-negative bacteria to colonize and invade intestinal lumen by
repressing the expression of the strain-specific pathogenicity island. A pathogenicity
island has been reported as a transcriptional activator which is mandatory for tissue
invasion, such as Salmonella PI1/hilA[80], the Vibril cholera AraC/Xyls family ToxT
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[83], Yersinia enterocolitica VirF and enterotoxigenic E. coli Rns[84].

Microbiota-derived short-chain fatty acids

Microbiota-derived SCFAs make up almost all SCFAs due to the lower level of SCFAs
in human blood[85]. SCFAs as the basic substance sources play an important role in
regulating lipid metabolism as well as maintaining the host energy homeostasis. In
part, SCFAs can be absorbed directly as an energy source by enterocytes or
transported to the liver via the portal vein; in part, SCFAs are reassigned by the liver
and released into bloodstream for the systemic circulation through the whole body[10,
86]. SCFAs are mainly composed of acetate, butyrate and propionate which comprise
60%, 20% and 20% respectively[87]. SCFAs are transported and taken up into cells via
non-ionized and ionized diffusion. The liver-gut axis plays a key role in the absorption,
metabolism and systemic circulation of SCFAs[88].

Acetate, which is produced from pyruvate via acetyl-CoA and the wood-Ljungdahl
pathway in microbiota, is the most abundant SCFA. Acetate is activated by ACSS1-3 to
form acetyl-CoA and metabolized for energy production. However, the majority of
acetate reaches and is processed in the liver. In cytosol, acetyl-CoA can synthesize
cholesterol[89]; in the nucleus, acetate and acetyl-CoA are involved in regulating DNA
histone acetylation and deacetylation[90]; in mitochondria, acetyl-CoA can be either
for energy supply or ketogenesis in case of glucose deficiency, ketone bodies enter
blood circulation for peripheral tissues usages[91]. Moreover, acetate can cross the
blood-brain barrier freely and is an energy source for glial cells[92]. Acetate has a
direct role in appetite regulation. Acetate is metabolized to generate more adenosine
triphosphate, and inhibits adenosine monophosphate-active protein kinase (AMPK),
as well as upregulating anorectic neuropeptide POMC and downregulating orexigenic
neuropeptide AgRP[93].

Of the SCFAs which are mainly composed of acetate, butyrate and propionate,
butyrate is the most widely studied. Butyrate is generated through the butyrate kinase
or butyryl-CoA/acetate CoA-transferase route. Butyrate is a major SCFA in the large
intestine. In enterocytes, the majority of butyrate is converted into acetyl-CoA that
further participates in catabolism for host energy supply[94]; a small amount of
butyrate is delivered to the liver and incorporated into ketone bodies (B-hydroxybu-
tyrate) in mitochondrial for ATP production[95]. Butyrate plays a key role in
maturating the intestinal barrier function in premature infants[96]. In vivo studies
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showed that butyrate administration has favorable therapeutic effects on normal
colonic health in a safe dose[86]. In a mouse model with globin chain synthesis
disorder, the application of a high dose of butyrate resulted in striking neuropatho-
logical changes and multiorgan system failure due to harmful systemic concentrations
[97]. Therefore, mechanisms underlying the dosage-dependent effects on the intestinal
barrier are controversial, but reasonable. A low dose promotes restitution of intestinal
epithelial lumen and a high dose impairs the intestinal barrier function with regulation
of permeability by inducing apoptosis[98]. The selective paracellular permeability is
determined by junction proteins including tight junction, adherence junction and
desmosomes[99]. Excessive SCFA accumulation downregulates the expression of
junction protein and further impairs the integrity of the membrane, leading to a leaky
gut[100]. Moreover, increased intestinal permeability has been linked to inflammatory
bowel disease[101].

Propionate is produced via the succinate, acrylate and propanediol pathway in
microbiota. Propionate is activated by ACSS3 in mitochondria of hepatocytes. The
concentration of dietary propionate regulates the balance between lipid and glucose
metabolism[102]. Propionate reduces cancer cell proliferation through activation of G-
protein-coupled receptors 43 GPR43) in mice liver[103].

In view of the biosynthesis of SCFAs, acetate, butyrate and propionate have
crosslinks through acetyl-CoA, pyruvate, oxaloacetate, some of which can be
converted between them to meet the physiological need of microbiota[104]. SCFAs as
key microbiota metabolites are closely correlated with host health and disease
conditions through regulation of diverse physiological processes. Two major signaling
pathways related to SCFAs including G-protein-coupled receptors (GPCRs) and
histone deacetylases have been characterized[105]. GPCRs, also named free fatty acid
receptors (FFAR) are activated by SCFAs. Two SCFA receptors, GPR41 (FFAR3) and
GPR43 (FFAR2) have been reported. FFAR2 has preference to acetate and propionate,
and FFAR3 has a specificity in butyrate[106]. FFAR2 is expressed along the entire
gastrointestinal tract. FFAR2 can be upregulated by propionate during adipocyte
differentiation[107]. In addition, FFAR2 activated by SCFAs releases glucagon-like
peptide 1(GLP-1) and peptide YY (PYY) in enteroendocrine L cells, GLP-1 and PYY,
are involved in gut motility, glucose tolerance and regulation of appetite[108].
Moreover, Butyrate plays a role in anti-inflammation through inhibition of pro-inflam-
matory mediators/adipokines, adhesion molecules, metalloproteinase production as
well as inflammatory signaling pathways (NFkB, MAPKinase, AMPK-a, and
PI3K/ Akt). However, the anti-inflammatory activity of butyrate was eliminated by
FFRA3 knockdown[109]. Supplementation of SCFAs significantly improved hepatic
metabolic actiity in FFAR3-dificient mice, but not FFAR-2 deficient mice[110].

SCFAs are also considered a promising supplementary treatment for active
intestinal bowel disease[111]. Moreover, SCFAs, as inhibitors of histone deacetylases,
show potential anti-inflammatory activity[112,113]. It is demonstrated that three
SCFAs alone or in combination protect the intestinal barrier via stimulation of tight
junction formation and repression of NLRP3 inflammasome and autophagy in the
colon cancer cell model[114]. Apart from this, a high-fiber intake, fecal microbiota
transplant, prebiotics and probiotics are suggested to have a beneficial effect on
colonic health by increasing the level of SCFAs.

Microbiota-imbalance-related diseases in the liver-gut axis

Gut microbiota exert multifunction in maintaining the host homeostasis, including
defensing against pathogens, affecting immune system, mediating digestion and
metabolism, involving in insulin regulation and maintaining the intestinal epithelial
cell renewal[115]. Gut microbiota interact with host through producing a serial of
metabolites, particularly SCFAs. Imbalance in diversity and composition as well as
alterations in the function of gut microbiota is associated with the pathogenesis of
diverse gastrointestinal tract diseases, such as small intestinal bacterial overgrowth
(SIBO), intestinal bowel disease (IBD), and a serial of liver diseases[116].

SIBO takes place in short bowel syndrome (SBS) and causes variable signs and
symptoms resulting in nutrient malabsorption[117]. SIBO is characterized with the
small intestinal excessive numbers and types of bacteria overgrowth exceeding 10°
organisms/mL, which are mainly colonic type with predominantly gram-negative
aerobic species (Streptococcus, Escherichia coli, staphylococcus) and anaerobic species (
Lactobacillus, bacteroides, clostridium and veillonella)[118]. Enterotoxins expressing in the
outer membrane of germ-negative species can damage the intestinal mucosa barrier by
stimulation of fluid secretion in enterocytes, and further affect the absorptive function
[119]. SIBO is associated with irritable bowel syndrome (IBS), celiac disease (CD) as
well as IBD[120], and also involved in the development of nonalcoholic fatty liver
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disease[121].

IBD occurs due to the imbalance between the host immune system and gut
microbiota in digestive tract and is becoming an increasing health problem. Crohn’s
disease and ulcerative colitis are the two prevailing types. The worldwide epidemi-
ologic data shows that the higher incidence and prevalence of IBD is associated with
industrialization[122]. Differences in dietary habits highly influence the composition of
microbiota; a high-fat diet induces microbiota dysbiosis which alters the intestinal
permeability[123].

Additionally, the disruption of bacterial colonization with dysbiosis and an
exaggerated inflammatory response has been linked with the pathological process of
necrotizing enterocolitis (NEC) in preterm infants[124]. In NEC cases, an increased
proportion of Proteobacteria and Actinobacteria, a decreased numbers of Bifidoba-
cteria and Bacteroidetes were detected before NEC diagnosis. Moreover, a type of
bacteria related to Klebsiella pneumoniae has been strongly correlated with the NEC
development later stage[125].

Although the mechanism involved in diverse gastrointestinal tract diseases is still
not completely understood, an impaired intestinal mucosal barrier is common feature
among them. In addition, Paneth cells located in the crypts of the small intestine are
very important for providing a sterile inner mucus layer and maintaining mucosal
barrier integrity against microbiota by secreting antibiotic peptides containing a-
defensin, angiogenin, lysozyme and lectins[126]. a-defensin 5/6 are the most abundant
components. a-defensin 5 can be digested into fragments which exert specific
antibiotic activity[127]. However, a-defensin 6 prevents invasion by bacterial
pathogens through self-assembly to form fibrils and nanonets[128]. Diminished
expression of Paneth cell defensins regulated by the Wnt factor is associated with
Crohn’s disease (also called Paneth’s disease)[129,130]. Paneth-cell-deficient mice
showed a dysbiosis in favor of an E. coli expansion and further weakening of the
intestinal mucosal barrier with a visceral hypersensitivity[131]. Moreover, active
Crohn’s disease is accompanied by bile acid malabsorption due to altered expression
of the major bile acid transporter[132].

As a consequence of intestinal mucosal barrier disruption, microbial / pathogen-
associated molecular patterns (MAMPs/PAMPs) pass through lumen and mucosa to
induce the inflammatory signaling nuclear factor kappa B (NF«B) via toll-like receptors
(TLRs) and nod-like receptors (NLRs). Activation of this signaling induces the release
of cytokines and chemokines into portal circulation[133,134].

Both bacterial components and metabolites reach the liver via the portal vein to
induce hepatocytes damage. Additionally if dysbiosis occurs, secondary BAs including
deoxycholic and lithocholic acid, which are toxic for both intestine and liver, are
produced more than usual in microbiota[135]. Hepatocytes are damaged due a high
level of secondary BAs, bacterial components and metabolites. High lipid peroxides
and PAMPs derived from damaged hepatocytes induce liver microphage activation
and initiate an immune response through NFxB, p-38/c-Jun-N-terminal kinase, TGF-f
1 and other inflammation cytokines[136]. A macrophage-mediated immune response
is a major player in liver fibrogenesis. Chronic liver injury leads to hepatic stellate cells
to transition into myofibroblast-like cells which produce an extracellular matrix and
further contribute to the progression of fibrosis[137,138]. Moreover, chronic liver
inflammation is significantly involved in the pathogenesis of liver fibrosis/cirrhosis
and probably contributes to carcinogenesis.

POTENTIAL THERAPEUTIC APPLICATION TARGETING ACYL-COA
SYNTHETASES

Long-chain acyl-CoA synthetases and cancer

Alteration in a fatty acid metabolism with a higher fatty acid synthesis and lipid
deposition is a major player in the pathogenesis of metabolic disorders and cancer
[139]. Deregulation of metabolism is known as a hallmark of cancer[140]. The Warburg
effect, one of the hallmarks of cancer, first introduced by Otto Warburg, has been used
to describe the deregulated metabolism of cancer cells characterized by increased
conversion of glucose into lactate even in the presence of oxygen[141]. Many cancer
cells are highly dependent on aerobic glycolysis for their growth and division[142].
Recently, several studies have shown that some cancers, including colon cancer, rather
synthetize ATP by oxidative phosphorylation, which has been called the reverse
Warburg effect[143-146]. In addition to previously reported abnormalities of glucose
and glutamine metabolism in cancers, abnormal lipid metabolism was also found in
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different cancer types[143]. Highly proliferative cancer cells are dependent not only on
glucose but also on other metabolites including glutamine, serine and FAs[147-151]. It
was reported that many cancer cells are characterized by an increased level of de novo
fatty acid synthesis[152,153]. Upregulation of processes as fatty acid synthesis and FA
release from lipid storage on the one hand, and downregulation of B-oxidation of FAs
and their reesterification on the other, leads to an increased level of fatty acid in cancer
cells. The fatty acid level was reported as a prognostic marker in several types of
cancers including colorectal carcinoma (CRC)[7]. A high level of FA is considered a
cancer biomarker and is associated with a worse prognosis and survival[7].

There is some evidence from mice with genetic inactivation of the Muc2 gene that in
adenocarcinoma arising in both the small and large intestine, alterations of the glucose
metabolism induce expression of genes linked to de novo lipogenesis[154]. However, a
systematic comparative analysis of adenocarcinomas arising in different locations of
the intestinal tract with lipidomics is not available at present. Increased expression of
ACSL1 was reported in several cancers, including colon[155,156] and liver[157,158],
related to a poor clinical outcome[159]; ACSL4 was also upregulated in multiple
cancer types, including colon[155,160] and liver[161-163]. Poorer patient survival in
stage II colon cancer was correlated with the expression of ACSL4 and expression of
stearoyl CoA desaturase 1 (SCD1)[156]. Concomitant overexpression of ACSL1, ACSL4
and SCD1 was found to induce epithelial-mesenchymal transtion in colorectal cancer
[155]. ACSL3 and ACSL4 were upregulated in hepatocellular carcinoma (HCC)[164].
Deregulated expression of both ACSL3 and ACSL4 is associated with disease and
especially with cancer[7]. ACSL3 drives tumor growth by increasing both fatty acid p-
oxidation[165] and arachidonic acid conversion into prostaglandin[166]. As previously
reported, ACSL4 indirectly stabilizes c-Myc by acting on the ERK/FBW?7 axis and
driving oncogenesis via c-Myc-oncogenic signaling in HCC[167]. ACSL4 expression is
highly linked to the cell sensitivity for ferroptosis, known as an iron-mediated non-
apoptotic cell death[168]. Reported roles of ACSL4 include metabolic signaling
resulting in drug resistance and the activation of intracellular, pro-oncogenic signaling
pathways[139]. Impaired expression of ACSL5 is associated with coeliac disease and
sporadic colorectal adenocarcinomas[169] and overexpression of ACSL5 induces
apoptosis[170] and suppresses proliferation by inhibiting the activation of the Wnt/ -
catenin signaling pathway in colon cancer[57].

ACSS1 and ACSS2 are overexpressed in HCC[171]. Both are key players in acetate
metabolism which is shown to be highly taken up by several types of cancers,
including liver. Gao et al[171] reported a role of acetate in epigenetic regulation
(Histone acetylation) of a promoter region of FASN. Induction of lipid synthesis
driven by increased FASN expression supports tumor cell survival and growth[171].

miRNAs targeting of long-chain acyl-CoA synthetases

Micro RNAs (miRNAs) are non-coding single stranded RNAs which regulate
transcription of messenger RNA via binding to their 3’-untranslated region[172].
Cancer cells evolved a regulatory mechanism to control the mRNA stability of ACSLs
by targeting their 3'-untranslated regions (3'UTR). For example, it was reported that
miR-205 was decreased in liver cancer[173]. Negative correlation between miR-205 and
ACSL4 expression was reported in human HCC patients[173]. The miR-205 targeting
site is reported at the 3'UTR region of ACSL4-mRNA[173]. In addition, it is known that
miR-205 binds to the 3'UTR of ACSL1 and induces its degradation[157]. The role of
miR-211-5p as a tumor suppressor was reported in HCC[174]. This tumor-suppressive
role was accomplished by downregulation of ACSL4 which is highly expressed in
HCC[174]. miR-19b-1 showed an inhibitory effect on the ACSLI/ACSL4/SCD1 axis by
downregulating the Wnt/p-catenin pathway[175]. ACSL/SCD increases GSK3p
phosphorylation, activating Wnt signaling and EMT, therefore, downregulation of p-
catenin signaling by miR-19b-1 can be beneficial in colon cancer[175]. miR-142-3p has
been reported to target cancer stem cell markers, such as the Wnt target and LGR5 in
colorectal cancer cells[176], in agreement with its action on the ACSL/SCD network
cancer stem cell feature generation[175,176]. miR-34c was reported to be involved in
hepatic fibrogenesis, miR-34c increases lipid droplet formation and hepatic stellate cell
activation by downregulating ACSL1 in the liver[177]. miR-497-5p was reported to
induce death in colon cancer cells by targeting ACSL5, suggesting its therapeutic
potential in colon cancer[172].

Pharmacological targeting of long-chain acyl-CoA synthetases

Triacsin C, a fungal metabolite and a potent competitive inhibitor of ACSs activity[178,
179], competes with FAs for the catalytic domain. It inhibits ACSL1, ACSL3 and
ACSL4, and in higher concentration proves effective against ACSL5[179,180]. It is
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worth highlighting that triacsin C has a high toxicity (IC50) and consequently normal
cells can be damaged|[7].

Thiazolidinediones, also known as glitazones, are used for the therapy of diabetes II.
Troglitazone and rosiglitazone are PPARy agonists; interestingly they inhibit ACSL4
via PPARy indirect mechanism[181,182]. Some of these drugs (Troglitazone,
Ciglitazone) showed a protective effect against diabetes-promoted cancer[183].

Pharmacological targeting of very-long-chain acyl-CoA synthetases

FATP1 and FATP4 inhibitors were detected using high-throughput screening[184-
186]. However, these compounds were not effective as revealed by in vivo studies.
Screening compounds that specifically target domains involved in fatty acid transport,
rather than the ACSL activity domain, might help to discover more effective
compounds which could inhibit fatty acid transport. FATP2/ ACSVL1, expressed
mostly in the liver and intestine, acts as a transport protein and ACS[187]. FATP2
might be considered as an early marker for the development of overweight disorder
after a high-fat diet[188]. A high-fat diet significantly upregulated fatp2 expression in
the intestine of mice[188,189] It has a role in hepatic long-chain fatty acid uptake[190].
Due to its important role in fatty acid transport, FATP2 can be a promising pharmaco-
logical target in diseases which are characterized by an abnormal accumulation of
intracellular FAs and lipids which may eventually result in irreversible hepatic
cirrhosis[191,192]. Lipofermata and Grassofermata are selected FATP2 inhibitors
which show specificity toward attenuating transport of LCFAs and VLCFAs.
Lipofermata (5'-bromo-5-phenyl-spiro[3H-1,3,4-thiadiazole-2,3'-indoline]-2'-one)
inhibits the function of FATP2 as a transport protein, without compromising its
function as an ACS[193,194]. Grassofermata (2-benzyl-3-(4-chlorophenyl)-5-(4-
nitrophenyl) pyrazolo[1,5-a] pyrimidin-7(4H)-one) suppresses palmitic acid mediated
lipotoxicity[193,195,196]. Both of them reduce intestinal fat absorption of 13C labeled
oleate[186]. In addition to its contribution to the development of metabolic liver
diseases, FATP2 promotes the growth of cancer cells and induces their resistance to
targeted therapies[190]. A study by Veglia et al[194] demonstrated that lipofermata
abrogated the activity of polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs) and substantially delayed tumor progression in colon cancer cell line CT26
tumor-bearing mice. STAT5 signaling induced by granulocyte-macrophage colony
stimulating factor (GM-CSF) upregulated the FATP2 in these cells. FATP2 overex-
pression in these PMN-MDSCs cells induced PGE2 synthesis and its immunosup-
pressive effect on CD8+ T cell[194]. Interestingly in this study, it was found that
lipofermata elevated the therapeutical effect of immune checkpoint inhibitor therapy
(anti-PD-1 and anti-CTLA-4) as well as macrophage targeted therapy (anti CSF-1R)
[194].

FATP5 can be exclusively found in liver, at the basal plasma membrane of
hepatocytes[197]. Both its location and role in long-chain fatty acid uptake make it an
attractive target for treatment of metabolic disorders. Interestingly, screening of
potential compounds revealed the potential of BAs including the primary BAs
produced by the liver and the secondary BA secreted by intestinal bacteria
(microbiota) to attenuate specifically FATP5 function without affecting FATP4[197].
The following BAs showed potential for FATP5 inhibition: chenodiol, primary BA,
produced by the liver and ursodiol, secondary BA, which is metabolically produced by
intestinal bacteria[197].

Experimental in vivo studies in rats showed induction of FATP mRNA expression,
finding the highest upregulation in the liver. In the intestine, there was an increase in
the FATP mRNA level but two times less than in the liver[198], suggesting that
fenofibrates show specificity towards liver FATPs. Fibrates are known as PPARa
activators, their hypolipidemic effect is accomplished via FATP activation, induction of
B-oxidation and consequently reduction in triglyceride synthesis[198]. The indirect
activation of FATP by the fenofibrate is mediated via PPARa[199].

Targeting of short-chain acyl-CoA synthetases

As reported by Bjorson et al[200], mitochondrial acetate appears to be the main
metabolic energy source under hypoxia in HCC patients. Upregulation of ACSS1 Led
to an enhanced level of mitochondrial acetate in HCC, which is associated with several
metabolic alterations including decreased fatty acid oxidation, glutamine utilization,
gluconeogenesis and increased glycolysis[200] This finding suggests a potential of
ACSS1 as a target in cancer treatment. Indeed, the ACSS1 inhibitor showed a growth
inhibitory effect on glioma[201].
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CONCLUSION

LCFAs and SCFAs are the most abundant energy sources from dietary lipid intake and
microbiota-derived fermentation products. Members of ACSs play a critical role in
lipid metabolism, participating in fatty acid transport and activation. Abnormal
expression of ACSs is closely associated with lipid metabolic disorders and carcino-
genesis. Research on ACSs will shed further light on their biological functions and
molecular mechanisms in fatty acid metabolism and eventually lead to the
development of therapeutic drugs targeting ACSs in the treatment of human metabolic
diseases.
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