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Synopsis

Four decades ago Costa and colleagues identified a small, secreted polypeptide in the brain 

capable of displacing the benzodiazepine diazepam from the GABAA receptor, and thus was 

coined Diazepam Binding Inhibitor (DBI). Shortly after, an identical polypeptide was identified 

in liver on its ability to induce termination of fatty acid synthesis and named Acyl-CoA Binding 

Protein (ACBP). Since then, ACBP/DBI has been studied in parallel without a clear and integrated 

understanding of its dual role. The first genetic loss-of-function models have revived the field, 

allowing targeted approaches to better understand the physiological roles of ACBP/DBI in vivo. 

Here we discuss the roles of ACBP/DBI in central and tissue-specific functions in mammals, with 

emphasis on metabolism and mechanisms of action.
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Nearly half a century ago, enkephalins and endorphins were discovered as endogenous 

agonists of opiate receptors. Together with the discovery of specific benzodiazepine binding 

sites the putative concept of an endogenous benzodiazepine-type ligand (“endozepine”) 

was born [1]. Soon after, Guidotti and Costa [2] and Skolnick [3] independently of each 

other identified that crude extracts from rat cerebral cortex and bovine brain, respectively, 

contain factors that were able to displace diazepam from binding to specific recognition 
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sites on crude synaptic membranes. Subsequently, Costa and Guidotti successfully purified 

Diazepam Binding Inhibitor (DBI) from rat brains to homogeneity and found that 

when injected intracerebroventricularly it completely reversed the anticonflict action of 

diazepam on unpunished drinking and facilitated shock-induced suppression of drinking 

[4]. Interestingly, the anxiety-like behavior caused by injection of DBI was blocked 

by flumazenil, a GABAAR benzodiazepine-binding site antagonist, confirming that DBI 

binds to the benzodiazepine binding site on GABAAR. Independently of these studies, a 

polypeptide identical to DBI was also purified to homogeneity from synaptosomes from 

bovine and human brain by Shoyab and colleagues [5].

Intriguingly, an 18-amino acid tryptic peptide, named octadecaneuropeptide (ODN), derived 

from DBI was found to be significantly more potent than DBI to displace binding of the 

benzodiazepine receptor inverse agonist β-carboline-3-carboxylate methyl ester and in its 

pro-conflict action [6]. Subsequently, an ODN complementary oligonucleotide was used 

to screen cDNA libraries and thus clone the mature mRNA of DBI from both rat and 

human brain [7, 8]. Concurrently, in an effort to understand how termination of fatty acid 

synthesis in goat mammary gland was regulated by fatty acid binding protein (FABP), 

Mogensen et al. found that an impurity in an FABP preparation strongly induced synthesis 

of medium-chain fatty acids [9]. Further characterization of this protein from both bovine 

and rat liver demonstrated that ACBP is a 10 kDa cytosolic protein, which specifically binds 

medium- and long-chain acyl-CoA (LCACoA) esters (and not fatty acids and nucleotides), 

and was thus termed acyl-CoA binding protein, ACBP. Amino acid sequencing showed that 

this novel acyl-CoA binding protein was identical to DBI [10–12]. Importantly, ACBP/DBI 

has no sequence homology or structural similarity to fatty acid binding proteins (FABPs).

Purification from various phyla and sequencing of numerous prokaryotic and eukaryotic 

genomes have identified numerous independent proteins containing the ACBP/DBI 

structural fold; not only as an independent protein but also proteins containing ACBP/DBI as 

a subdomain, which thus have been coined acyl-CoA binding domain-containing proteins 

(ACBDs) [13]. Hence, the ACBDs comprise a highly conserved multigene family of 

proteins, which are found in all eukaryotes and ubiquitously expressed in all metazoan 

tissues, with distinct expression patterns for individual ACBDs. For example, in humans 

the ACBP domain is present in a total of 7 different proteins, which include ACBP/DBI 

(ACBD1/DBI), ECI2 (ACBD2), ACBD3 (GCP60/PAP7), ACBD4, ACBD5 (membrane 

associated DBI), ACBD6 and ACBD7. In addition, multiple transcript variants of human 

ACBP/DBI have been identified, including three high abundant and eleven low-abundant 

transcript variants [13–15]. The structures of apo- and holo forms of ACBP/DBI from both 

lower and higher eukaryotic species have been solved by NMR spectroscopy and/or X-ray 

crystallography showing that its overall structure as a four-α-helix bundle protein is highly 

evolutionarily conserved [16–23] (Figure 1).
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Acyl-CoA Binding Protein as an Intracellular Protein Regulating Lipid 

Metabolism

Lessons from in vitro studies

Soon after its identification as an acyl-CoA binding protein, its ability to modulate 

the regulatory functions or utilization of LCACoAs was examined in vitro. ACBP/DBI 

can effectively prevent the inhibitory effects of LCACoAs on mitochondrial acyl-CoA 

synthetase, acetyl-CoA carboxylase and on the mitochondrial adenine nucleotide translocase 

and can protect LCACoAs from hydrolysis [24]. Rasmussen et al. elegantly showed 

that ACBP/DBI is capable of desorbing LCACoAs from multilamellar liposomes and 

donating them to microsomal glycerolipid synthesis [25]. Similarly, ACBP can also 

stimulate the activities of acyl-CoA-lysophospholipid acyltransferase [26], glycerophosphate 

acyl-transferase (GPAT) [27–29], acyl-CoA/cholesterol acyltransferase [30], and stimulate 

synthesis of very-long chain fatty acids [31], ceramides [32] and steroids [33]. Furthermore, 

ACBP/DBI can also act as an intracellular pool former of LCACoAs [34–37]. Interestingly, 

ACBP/DBI not only stimulates anabolic pathways, as in vitro kinetic studies also show 

that LCACoAs can be donated directly to carnitine palmitoyl transferase I (CPTI) by 

ACBP/DBI augmenting mitochondrial β-oxidation [25, 38, 39]. Consistently, knock down 

of ACBP/DBI by siRNA in human non-small cell lung cancer cells and in glioblastoma 

cells significantly impairs mitochondrial fatty acid oxidation [40, 41]. In addition, 

ACBP/DBI deficiency in mouse astrocytes reduces fatty acid oxidation and esterification 

into glycerolipids [42] (Figure 2).

Lessons from in vivo studies

In an effort to understand the function of ACBP/DBI in vivo numerous groups have 

generated transgenic mouse and rat models overexpressing ACBP/DBI. Transgenic mice 

overexpressing ACBP/DBI to levels resembling those found after high fat feeding showed 

no change in body and liver weights compared to wild-type mice, even though LCACoAs 

levels are increased in livers from transgenic mice relative to wild-type [34]. Similarly, 

acyl-CoA esters accumulate in liver and adipose tissue in transgenic rats overexpressing 

ACBP [43], supporting that ACBP/DBI also functions as an acyl-CoA pool former and that 

ACBP/DBI relieves product inhibition of ACSL and protects LCACoAs from hydrolysis 

by thioesterases [24]. The LCACoAs accumulated in the microsomal compartment rather 

than in the cytosol, supporting that ACBP/DBI donates LCACoAs to membrane-bound lipid 

synthesizing systems. This is consistent with increased GPAT activity and triacylglycerol 

(TAG) and phospholipid content in livers from ACBP/DBI-overexpressing transgenic mice 

[34], in keeping with augmented TAG levels with overexpression of ACBP/DBI in McA-

RH7777 rat hepatoma cells [44] (Figure 2).

Landrock et al. first reported that loss of ACBP/DBI in mice results in early pre-implantation 

embryonic lethality at the 8-cell stage [45]. However, numerous subsequent studies have 

shown that loss of ACBP/DBI does not result in lethality, but indeed leads to significant 

metabolic phenotypes. Lee and colleagues found that CBA/J mice carrying a 400 kb 

spontaneous pleiotropic deletion (nm1054), including the Acbp/Dbi gene, are easily 

distinguishable from their wild-type littermates shortly after birth due to the smaller body 
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size and pale appearance [46]. Interestingly, when bred on a C57BL/6J background the 

vast majority of live-born mutants die prior to P7, and only few wean successfully [47]. 

When bred on a mixed background (129S6/SvEvTac x C57BL/6J), however, the nm1054 
mice survive to adulthood and are characterized by having sparse, matted, reddish hair 

with a greasy appearance, along with sebocyte hyperplasia in skin of thorax and nose 

[46]. Mice with a targeted disruption of the Acbp/Dbi gene (Acbp/Dbi−/−) are viable and 

fertile and born in a Mendelian ratio [48]. However, the ability of Acbp/Dbi−/− mice to 

survive weaning is significantly decreased unless the pups are supplied with soaked food 

and water in the bottom of the cage. Consistent with the phenotypes observed in the 

nm1054 mice, Acbp/Dbi−/− mice also display tousled and greasy fur, alopecia, and scaling 

of the skin with age [49]. Interestingly, in comparison to wild-type littermates, Acbp/Dbi−/− 

mice display delayed hepatic upregulation of SREBP-regulated gene programs at weaning, 

which is accompanied by a significantly diminished hepatic de novo cholesterol synthesis. 

The observed suppression of SREBP activity may be due to a transient accumulation of 

TAG and cholesteryl esters (CE) in the liver of Acbp/Dbi−/− mice caused by increased 

lipolysis in white adipose tissue [48, 50]. Notably, expression of SREBP target genes is not 

impaired in liver-specific ACBP/DBI knockout mice but only in mice lacking ACBP/DBI in 

keratinocytes [50]. Accordingly, application of artificial barriers to the skin of Acbp/Dbi−/− 

mice rescues hepatic SREBP-regulated gene expression [50]. This finding and the fact 

that skin-specific loss of ACBP/DBI phenocopy the macroscopic phenotypes observed in 

Acbp/Dbi−/−, and that transepidermal water loss is significantly increased in both full-body 

and skin-specific Acbp/Dbi−/− mice [50] collectively show that ACBP/DBI is required 

for establishing and/or maintaining the epidermal barrier. The impaired epidermal barrier 

is likely due to decreased synthesis of very long-chain fatty acids and ceramides in the 

stratum corneum, as ACBP/DBI regulates both synthesis of very long-chain fatty acids and 

ceramides [31, 32, 49, 51] (Figure 2).

After weaning and during aging Acbp/Dbi−/− mice still have increased trans-epidermal water 

loss and heat dissipation, but also develop alopecia and depigmentation of the fur. Both 

full-body ACBP/DBI knockout mice and mice lacking ACBP/DBI in keratinocytes have 

increased energy expenditure, food intake, and browning of the inguinal white adipose 

tissue, which all are reversed by housing the mice at thermoneutrality or by blocking 

β-adrenergic receptor signalling [52]. In line with increased energy expenditure, both full-

body and skin-specific Acbp/Dbi−/− mice are completely resistant to diet-induced obesity 

and the diabetogenic effects of a high-fat diet [52]. Noticeably, metabolic profiling by 

indirect calorimetry shows that Acbp/Dbi−/− mice have a higher respiratory quotient than 

wild-type and skin-specific Acbp/Dbi−/− mice [52] arguing that ACBP/DBI facilitates 

oxidation of fatty acids in other tissues than the skin, and thereby contributes to systemic 

utilization of fatty acids as energy substrates. Consistent with an in vivo role in fatty acid 

oxidation, oxidation of unsaturated fatty acids is significantly reduced in both cortical and 

hypothalamic astrocytes, and in mediobasal hypothalamus slices derived from Acbp/Dbi−/− 

mice [42]. Besides its role under physiological conditions, intracellular ACBP/DBI also 

appears to be an important player in tumor growth. Duman et al. recently demonstrated that 

ACBP/DBI supports proliferation of malignant gliomas by controlling transport of LCACoA 

to mitochondrial β-oxidation, using both in vitro assays and intracranial xenografts in mice 
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(Figure 2). Accordingly, ACBP/DBI ablation in patient-derived glioblastoma cells or AKT-

PDGF-B-driven murine cancer cells increased the survival of tumor-bearing mice [41]. In 

line with these observations, ACBP/DBI also regulates proliferation and fatty acid oxidation 

in non-small-cell lung cancer cells in vitro and predicts the outcome for individuals with 

lung cancer [40]. Given the prominent expression of ACBP/DBI in samples from a wide 

variety of human cancer types (TCGA Research Network, https://www.cancer.gov/tcga), it is 

tempting to speculate that ACBP/DBI has a general role in tumor malignancies.

ACBP/DBI as a secreted protein with multiple functions

Unconventional protein secretion and regulation of autophagy by ACBP/DBI

Besides serving crucial intracellular functions in lipid metabolism, ACBP/DBI is also 

secreted to the extracellular environment as a leaderless protein via the unconventional 
secretory pathway [53–58]. Accordingly, ACBP/DBI remains in the cytoplasmic 

compartment after translation and is thus not processed by the prohormone convertases 

PCSK1 and PCSK2 in the endoplasmic reticulum, the Golgi apparatus and secretory 

granules, as conventional neuropeptide precursors. Secretion of ACBP/DBI requires 

Golgi-associated proteins (e.g. GRASP, plasma membrane t-SNARES and formation 

of autophagosomes) and accordingly its secretion is augmented by autophagy-inducing 

conditions including starvation and inhibitors of TORC1 signaling [57]. However, the 

mechanisms involved in ACBP/DBI secretion might be context- and cell type-dependent 

since it was shown that insulin and glucose, signals known to inhibit autophagy, 

stimulate ACBP/DBI secretion in hypothalamic explants [59] and cultured tanycytes 

[60]. Interestingly, ACBP/DBI has also been detected in extracellular vesicles secreted 

by different breast cancer cell lines [61, 62], but whether this is directly linked to the 

unconventional secretion of ACBP/DBI is not known.

ACBP/DBI-derived peptides and sites of action

ACBP/DBI comprises several separate basic residues that are prone to processing by 

trypsin-like endoproteases. Consistently, as mentioned above, tryptic digestion at the C-

terminus of lys32 and lys50 of rat ACBP/DBI generates ODN [6]. Besides ODN, several 

other biologically active peptides from ACBP/DBI have been isolated from brain tissue. 

Using affinity chromatography with immobilized anti-ODN antibodies, Slobodyansky 

et al. isolated a number of biologically active ACBP/DBI-derived peptides, including 

triakontatetraneuropeptide (TTN) (DBI17–50), eicosapentaneuropeptide (EPN) (DBI26–50), 

and triakontaheptaneuropeptide (THN) (DBI39–75) [63, 64] from rat brain. Interestingly, 

intracerebroventricular (ICV) injection of TTN produces a pro-conflict behavior, which 

was prevented by the translocator protein (TSPO) antagonist PK11195 but not by the 

GABAAR antagonist flumazenil, arguing that TTN binds and signals through TSPO (also 

known as mitochondrial benzodiazepine receptor), while ODN functions through GABAAR. 

Moreover, TTN displaces binding of the TSPO ligand Ro5–4864 from rat olfactory 

bulb synaptic membranes [63]. Like TTN, THN also displaces both Ro5–4864 and PK 

11195 binding to crude mitochondrial membranes and stimulates mitochondrial steroid 

synthesis [65], thus collectively arguing that TTN and THN preferentially bind to specific 

mitochondrial benzodiazepine receptors, while ODN preferentially binds to GABAAR 
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benzodiazepine-binding sites. An intracellular effect of ACBP/DBI derived peptides would, 

however, require that the peptides are internalized or ACBP/DBI is cleaved intracellularly. 

This still remains unexplored.

Role of ACBP/DBI in the brain

ACBP and neurogenesis

In the brain, ACBP/DBI is highly expressed in cells of glial nature, namely mature 

astrocytes, tanycytes, ependymal cells and undifferentiated neural progenitors, but virtually 

absent in young or mature neurons [42, 66]. There are in the adult mammalian brain 

two main neurogenic niches, the subventricular zone (SVZ) of the lateral ventricles 

and the subgranular zone (SGZ) of the hippocampal dentate gyrus [67]. Adult neural 

stem cells (aNSC) proliferate and generate intermediate progenitors that in turn produce 

either inhibitory or excitatory neurons. ACBP/DBI expression is prominent in aNSCs and 

progenitors both from the SVZ and SGZ, where it regulates neurogenesis rates via GABA 

signaling [66, 68]. ACBP/DBI and its cleavage peptide ODN binds to the benzodiazepine 

binding site of GABAAR, at the interface between alpha and gamma subunits [69], 

and aNSCs express GABAAR containing a gamma-2 subunit, a specific component of 

the receptor that provides sensitivity to ACBP/DBI. Experiments using transgenic mice 

bearing a mutated gamma-2 subunit that prevents ACBP/DBI binding to GABAAR and 

in vivo overexpression of the short peptide ODN demonstrated that ACBP/DBI acts via 

GABA signaling to promote cell proliferation in the adult neurogenic niches [66, 68]. 

Interestingly, ACBP/DBI is also highly expressed in neural stem cells and progenitors 

in the embryonic brain (Allen Brain Atlas, https://portal.brain-map.org/), where it also 

modulates neurogenesis rates via its function as a negative modulator of GABA-induced 

currents (Julieta Alfonso, unpublished). In summary, brain-derived ACBP/DBI regulates 

neurogenesis both throughout development and in the mature brain primarily via its effects 

on GABA signaling (Figure 3).

Anti-seizure and behavior-modifying actions of ACBP/DBI in the brain

Recent evidence also indicates central actions of ACBP/DBI that are sufficiently powerful 

to modulate distinct forms of cognitive and social behaviors and to suppress certain 

forms of seizure activity. nm1054 mice, which as noted above lack ACBP/DBI, and 

α3(H126R) mice, which bear a point mutation in the benzodiazepine binding site of 

α3 subunit-containing GABAARs, displayed reduced duration of α3-mediated inhibitory 

postsynaptic currents in the thalamic reticular nucleus (nRT) and insensitivity to flumazenil. 

These deficits were rescued by viral restoration of ACBP/DBI in the nRT, suggesting 

a constitutive activation of α3-containing GABAAR benzodiazepine binding sites by an 

endogenous ACBP/DBI-derived ligand in nRT [70] that appears to be produced primarily in 

astrocytes [71]. Both nm1054 and α3(H126R) mice also exhibited increased susceptibility 

to chemical induction of absence seizures, indicating endogenous anti-seizure effects of 

ACBP/DBI [70]. Furthermore, constitutive ACBP/DBI knockout mice exhibited increased 

GABAAR-mediated synaptic inhibition in hippocampal CA1 pyramidal cells and decreased 

inhibitory tone in dentate granule cells compared with wild-type littermates [72], indicating 

discrete differences in the direction of ACBP/DBI-mediated modulation between subregions. 
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These changes in hippocampal synaptic transmission appear to be reflected in behavioral 

consequences as well, as ACBP/DBI knockout mice exhibited disrupted hippocampus-

dependent spatial learning [73]. Intriguingly, this impairment is similar to that observed in 

a ACBP/DBI-overexpressing mouse [74], suggesting that disruption of ACBP/DBI signaling 

in either gain- or loss-of-function directions can lead to cognitive deficits. ACBP/DBI also 

appears to play a role in contextual fear conditioning [73, 75] and social motivation and 

interest, but not social recognition [76] or anxiety-like behavior, although it affects the 

anxiolytic effect of diazepam [77]. Collectively, these studies indicate that ACBP/DBI acts 

in multiple brain areas to modulate synaptic transmission, neural function, and diverse types 

of behavior (Figure 3). Notably, it still remains unresolved as to what extent these behavioral 

effects are mediated by ACBP/DBI or by one or more derived fragment peptides.

ACBP/DBI and neuroprotection

Accumulating evidence demonstrates that ACBP/DBI and ODN exert neuroprotective 

effects in vitro and in vivo by preventing neuronal cell death induced by neurotoxic 

molecules targeting dopaminergic neurons e.g. 6-Hydroxydopamine hydrobromide (6-

OHDA) and 1-methyl-4phenyl-1,2,3,6-tetrahydropyrine (MPTP)) [78]. ODN protective 

action in cultured neurons is GABAAR-independent and relies on an unidentified G-protein 

coupled receptor (GPCR)-mediated activation of PKC and ERK leading to upregulation 

of the anti-apoptotic factor Bcl-2 [79]. Accordingly, ACBP/DBI deficient mice are more 

susceptible to neuronal death induced by MPTP [80]. It was further demonstrated that 

ACBP/DBI and ODN reduced astrogliosis, inflammatory responses and promote astrocyte 

survival in response to MPTP or oxidative stress through activation of PKA and ERK in 

an ODN-GPCR-dependent manner [80, 81]. Together, these findings suggest that ODN 

secreted by astrocytes may have dual protective effects on both astrocytes and neurons 

through autocrine and paracrine actions, and ODN-GPCR-dependent activation of cell-

specific signaling pathways [14]. Further investigations will be required to determine 

whether impairments in ACBP/DBI expression, secretion and/or signaling plays a role in 

the etiology of neuroinflammation and neurodegenerative diseases.

Role of brain ACBP/DBI on energy balance

In hypothalamic astrocytes and tanycytes, ACBP/DBI expression is reduced by fasting in 

a circadian manner [56, 82] while metabolic signals of energy sufficiency (i.e. insulin 

and glucose) [59, 82] increase its expression, suggesting that ACBP/DBI is implicated 

in energy sensing in hypothalamic glial cells [42, 56, 77]. Shortly after establishing the 

anxiogenic and proconflict responses induced by central injection of ACBP/DBI or ODN, 

it was reported that ICV administration of ODN or its C-terminal octapeptide (OP) exert a 

strong anorectic action in goldfish [83] and rodents [84, 85]. Interestingly, it was further 

demonstrated by pharmacological means that the anorectic action of central ODN or OP 

neither implicates GABAAR nor TSPO but the unidentified ODN-GPCR [85], probably 

coupled to Gq, phospholipase C, and Ca2+ signaling as previously found in hypothalamic 

neurons [56]. The anorectic effect of ODN is associated with increased expression of 

the anorectic neuropeptide pro-opiomelanocortin (POMC) and decreased expression of the 

orexigenic neuropeptide Y (NPY) in the arcuate nucleus (ARC) suggesting that ODN acts 

on ARC neurons to reduce food intake [86]. This model is supported by findings showing 
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that ICV administration of ODN or OP increases c-Fos expression in POMC neurons [60] 

and that treatment of hypothalamic slices with OP, ODN or the cyclic agonist of the ODN 

GPCR increases the firing of POMC neurons in the ARC in a GABAAR-independent 

manner [56, 60]. In agreement, the anorectic effect of ODN in goldfish [87] and rodents 

[56, 59] is dependent on the hypothalamic melanocortin 4 receptor (MC4R). Despite these 

findings supporting a key role of the hypothalamic melanocortin system in the anorectic 

action of ODN, it is important to note that ODN or OP administration restricted to the 

4V in the brainstem also reduces feeding [88], an effect that may be dependent on the 

activation of brainstem POMC neurons [61,64]. In addition, it was recently shown that 

ODN or OP induces c-Fos expression in non-POMC neurons including nesfatin/NUCB2, 

tyrosine hydroxylase, and GLP-1 neuronal populations in the hypothalamus and brainstem 

[60], suggesting that anorexia induced by exogenous ODN or OP relies on the recruitment of 

different neuronal circuits.

The role of endogenously expressed ACBP/DBI in feeding and energy balance was recently 

reported using targeted deletion of ACBP/DBI in Glial Fibrillary Acidic Protein (GFAP)+ 

astrocytes or in ependymocytes and ARC neurons [56]. Interestingly, targeted deletion of 

ACBP in GFAP+ astrocytes (pan-brain astroglial deletion that also targeted ACBP/DBI in 

some ARC tanycytes), but not in Nkx2.1- neuronal lineage and ependymal cells, increased 

weight gain in chow fed conditions and the susceptibility to high fat diet-induced obesity 

and glucose intolerance in both male and female mice. This phenotype was prevented by 

virally-mediated rescue of ACBP/DBI expression in GFAP+ astrocytes of the ARC but not 

in tanycytes [56]. Although energy expenditure and locomotor activity were slightly reduced 

in knockout mice, this obesity-prone phenotype was mostly dependent on hyperphagia. 

These findings suggest that endozepinergic tone deficiency in ARC astrocytes plays a key 

role in the development of diet-induced obesity and increasing endozepine signaling in the 

ARC may thus have beneficial effects on energy homeostasis in obese rodent models. In 

line with this notion, daily central administration of OP in obese mice fed with a high fat 

diet reduces body weight and food intake thereby improving glucose intolerance [60]. In 

leptin-deficient obese (ob/ob) mice, the findings are more discrepant. Indeed, Bouyakdan et 

al. showed that acute or chronic daily ICV administration of ODN or the ODN-GPCR 

agonist reduces body weight and food intake in ob/ob mice [56] while Guillebaud et 

al. found that ob/ob mice are unresponsive to ICV OP [60]. The latter study further 

showed that OP sensitizes ob/ob mice to the anorectic action of exogenous leptin by 

promoting leptin transport into the hypothalamus via median eminence and ARC tanycytes. 

Interestingly, the anorectic action of ICV leptin is not affected in astroglial ACBP/DBI 

knockout mice, in which ACBP/DBI expression is reduced in some but not all tanycytes 

[56]. The reason for this discrepancy could implicate differences in the rodent models and 

means to modulate ACBP/DBI in ARC astrocytes vs. tanycytes. Nonetheless, these recent 

studies demonstrate that ACBP/DBI in ARC astrocytes and tanycytes is critical for the 

maintenance of a healthy energy balance [56]. Interestingly, Lanfray et al. recently found 

that a paralog gene of ACBP/DBI, coding for the acyl-CoA binding domain containing 

protein (ACBD7), is expressed in some ARC POMC and GABAergic neurons. Similar 

to ACBP/DBI, ACBD7 expression is increased during states of energy sufficiency in the 

ARC and processed into an anorexigenic nonadecaneuropeptide, NDN, (ACBD734–52) [89]. 
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Neither injection of flumazenil nor PK11195 blunted NDN-induced anorexia, while both 

the ODN GPCR antagonist cyclo1–8[DLeu5]ODN(11–18) and a MC4R-specific antagonist 

(HS024) blocked NDN anorectic action, collectively arguing that NDN does not act via the 

classical benzodiazepine receptors GABAAR or TSPO but rather via a still uncharacterized 

GPCR and the melanocortin pathway [89]. Although these studies support a major role of 

secreted ACBP/DBI and its processed peptides in the central control of energy balance, 

one cannot rule out the possibility that regulation of LCACoA metabolism in glial cells 

by intracellular ACBP/DBI [41, 42] contributes to the observed phenotypes. In agreement, 

astroglial ACBP/DBI knockout mice are unresponsive to the anorectic effect of ICV oleate 

[56]. Additional investigations will be required to decipher the contribution of glial intra- vs. 

extracellular glial ACBP/DBI in the central regulation of energy homeostasis.

Collectively, targeted deletion of ACBP/DBI in the brain or periphery reveals that 

ACBP/DBI is indispensable for whole-body energy homeostasis, and that ACBP/DBI 

regulates fatty acid oxidation, complex lipid synthesis and specific signaling pathways in 

a tissue-specific manner (Figure 3).

Is ACBP a novel lipogenic factor?

Recently, Kroemer and colleagues found that ACBP/DBI is secreted to the circulation 

in response to starvation in an autophagy-dependent manner [57]. Interestingly, addition 

of neutralizing ACBP antibodies or recombinant ACBP/DBI to cultured human 

cells stimulated and inhibited, respectively, cellular starvation-induced autophagy [57]. 

Moreover, knockdown of ACBP/DBI in human neuroglioma cells inhibited starvation-

induced autophagy, but interestingly augmented autophagy in ACBP/DBI-expressing cells, 

collectively arguing that extracellular ACBP/DBI may impede cellular autophagy by acting 

in an autocrine or paracrine manner [57]. Accordingly, this study also reported that systemic 

injection of recombinant ACBP/DBI stimulates food intake, lowers glucose levels, activates 

orexigenic neurons in the lateral hypothalamus, and augments expression of lipogenic 

genes like fatty acid synthase and PPARγ in liver and white adipose tissue. Conversely, 

neutralizing antibodies or induced autoimmunity towards ACBP/DBI in mice triggers 

hyperglycemia, hypophagia, and weight loss, and reduced adiposity of white adipose tissue 

and the adverse diabetogenic effects of a high-fat diet. Consistently with this notion, 

adult mice with a conditional systemic loss of ACBP/DBI gain less weight upon a high-

fat diet and are highly sensitive to fasting-induced weight loss [57]. Interestingly, the 

orexigenic effect of ACBP/DBI injection is mediated via GABAAR but independently of 

its ability to bind LCACoAs [90]. Altogether, these observations imply that ACBP/DBI 

exerts an extracellular role modulating food intake and lipid and carbohydrate metabolism. 

Interestingly, conditional loss of ACBP/DBI in white adipocytes is sufficient to render mice 

resistant to high-fat diet induced weight gain [91].

It should be noted, however, that regulation of circulatory ACBP/DBI levels is complex, 

as starvation, high-fat diet, and hyperphagia all manifest in increased expression of 

ACBP/DBI in adipose tissue and liver in mice, correlating with its levels in the circulation. 

Accordingly, ACBP/DBI has been suggested to function as a hunger factor that induces 

appetite and anabolic functions. Consistent with this postulate, ACBP/DBI levels have 
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been reported to be significantly elevated in severely obese individuals and conversely 

reduced in anorexic individuals, thus correlating positively with BMI [57, 90]. However, 

circulatory ACBP/DBI levels seem to follow a dual pattern, since voluntary fasting or 

disease-associated undernutrition augments ACBP/DBI levels [91], which on the other 

hand is in keeping with starvation- and autophagy-induced increases in ACBP/DBI level 

as described above. Accordingly, sepsis or systemic inflammation in rodents and human 

patients, known to induce anorexia, are associated with increased plasma ACBP/DBI levels 

and expression of ACBP/DBI in the hypothalamus [92, 93].

ACBP/DBI as modulator of exocrine and endocrine pancreas secretion

In 1996 Herzig et al. isolated a tryptic-sensitive peptide from porcine intestinal mucosa on 

its ability to stimulate cholecystokinin (CCK) secretion when administered intraduodenally 

in rat. This peptide was found to be identical to ACBP/DBI by mass spectrometry analyses 

and peptide sequencing of tryptic fragments. Accordingly, it was found that picomolar 

concentrations of synthetic porcine ACBP/DBI could stimulate pancreatic enzyme secretion 

and CCK release from porcine intestinal mucosa cells and in rat intestine [94] and later in an 

intestinal tumor cell line [95]. ODN also stimulated CCK release and pancreatic secretion, 

but the effect was 100 times less potent than that of ACBP/DBI [94]. In keeping with this 

observation, Li et al. found that anti-ACBP/DBI serum prevents CCK release induced by 

intraduodenal infusion of ACBP/DBI [96].

Besides having an effect on exocrine pancreatic functions and intestinal secretion, low 

picomolar levels of both ACBP/DBI and ODN significantly reduce glucose-induced 

insulin secretion in vivo and in isolated rat Langerhans islets [97–99]. By similar 

means, ODN also inhibits glucose-induced insulin secretion from HIT-115 insulinoma 

cells likely via a signalling pathway that affects cytosolic Ca2+ levels [100]. Consistent 

with these observations, ACBP/DBI antibodies potentiate glucose-induced insulin release 

from isolated islets [98]. Interestingly, ACBP/DBI is expressed in all tissues including 

the intestine and both the endocrine and exocrine pancreas (Human Protein Atlas, http://

www.proteinatlas.org), collectively arguing that ACBP/DBI can potently modulate both 

exocrine and endocrine pancreas functions that control central regulation of food intake and 

systemic metabolic functions (Figure 3).

Conclusion and future outlook

In this review, we have highlighted and discussed the discovery and multiple functions 

of Diazepam Binding Inhibitor, also recognized as Acyl-CoA Binding Protein (Figure 3). 

Clearly, as an intracellular lipid binding protein, ACBP/DBI plays key roles in sequestering 

and mediating flux and the regulatory properties of LCACoAs (Figure 2). ACBP/DBI 

binds LCACoAs with very-high affinity (KD 1–10 nM) and thus likely requires a specific 

interaction with utilizing enzymes to relieve its bound ligand as reported for ceramide 

synthases [32]. Interestingly, lipid membranes (e.g., anionic lipids) can promote a charged–

dependent destabilizing effect that weakens ligand binding, thus enabling ACBP/DBI to 

mediate transport to membranes [101]. Future mechanistic studies will reveal if interactions 

with specific utilizing enzymes have similar effects on ligand binding.
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As a secreted peptide, ACBP/DBI and its derived peptides have pleiotropic effects 

including gut and pancreatic hormone secretion, while brain-derived ACBP/DBI regulates 

neurogenesis, neuron survival, cognition and behavior as well as energy balance 

neurocircuits (Figure 3). Importantly, the diverse biological effects of central ACBP/DBI 

rely on specific signaling pathways that implicate GABAAR, TSPO or the unidentified 

ODN-GPCR in a brain region- and cell-specific manner. The recent discoveries and current 

hypotheses of ACBP/DBI being a lipogenic and hunger factor raise numerous questions and 

new interesting challenges that need to be tackled to fully depict and understand its in vivo 
functions (see Outstanding questions). In keeping with a function as a secreted lipogenic 

factor, ACBP/DBI has recently been reported to positively correlate with BMI [57]. By 

contrast, plasma levels of ACBP/DBI have also been reported to be significantly lower in 

morbidly obese subjects compared to normal weight individuals [102], and that conditions 

that induce anorexia like sepsis or systemic inflammation are associated with increased 

plasma ACBP/DBI levels [92, 93]. In addition, overexpression of ACBP/DBI in rats neither 

affects body weight nor glucose tolerance [43, 103]. Joseph et al. recently reported that 

adipocyte-specific loss of ACBP/DBI was sufficient to render mice resistant to diet-induced 

obesity, thus consolidating its function as a secreted lipogenic factor [91]. Although reported 

not to obscure skin functions [91], adipocyte-specific loss of ACBP/DBI seemingly impairs 

the insulating dermal fat layer, leaving it plausible that adipocyte-specific loss of ACBP/DBI 

impairs development of dermal adipocytes thus augmenting heat loss across the dermal 

barrier ultimately resulting in increased energy expenditure and hence protect against an 

increased accumulation of calories. In keeping with such notion, ACBP/DBI is required for 

adipocyte differentiation [104], and loss of ACBP/DBI in keratinocytes (which likely does 

not affect circulating levels of ACBP/DBI) specifically impairs the epidermal barrier and 

hence increases systemic energy expenditure and protects against the diabetogenic effects of 

a high fat diet [52].

Depending on the metabolic state, circulatory levels of ACBP/DBI in humans range from 

10–300 ng/ml [57, 91], corresponding to approximately 1–30 nM. Notably, picomolar levels 

of ACBP/DBI stimulate CCK secretion (well known to promote satiety) and inhibit insulin 

secretion (an anorectic hormone) in vivo, while the orexigenic effects of ACBP/DBI in mice 

was obtained by i.v. injection of 0.5 mg/kg recombinant ACBP/DBI [57, 90], corresponding 

approximately to 0.75 μM, likely are mediated via GABAAR and by activation of orexigenic 

neurons in the lateral hypothalamus [57, 90]. Although inactivation of ACBP/DBI in the 

circulation by neutralizing antibodies reduces food intake post-starvation, the orexigenic 

effects are obtained by abnormally high concentrations of ACBP/DBI. Further, in contrast to 

previous findings [97–99], injection of recombinant ACBP did not affect insulin levels [57]. 

These discrepancies call for additional careful investigations of the concentrations required 

to obtain the orexigenic effects of ACBP/DBI. In addition, it still remains elusive whether 

ACBP/DBI is cleaved after administration thereby changing ODN and/TTN levels and their 

respective effects, and if ACBP/DBI neutralizing antibodies also neutralize the biological 

effects of endogenous systemic ODN and/or TTN. Finally, it cannot be excluded that ACBP/

DBI-neutralizing antibodies reach and penetrate circumventricular organs (CVO), including 

the median eminence and ARC where the blood-brain barrier is leaky, and thus inhibit the 

anorectic effect of glia-derived ACBP/DBI. In the same line, high levels of recombinant 
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ACBP entering the brain through CVO could desensitize the ODN GPCR to promote 

feeding.

Although ACBP/DBI has been reported to serve intracellular as well as extracellular 

functions, it cannot be excluded that these functionalities somehow are coordinated. 

Although ACBP/DBI is secreted via the unconventional secretory pathway that involves 

the autophagic machinery, its regulation remains elusive. Thus, as extracellular ACBP/DBI 

may regulate autophagy in an autocrine or paracrine manner, intracellular ACBP/DBI and/or 

LCACoAs may also regulate autophagy as well as the activity of the unconventional 

secretory pathway and therefore also ACBP/DBI secretion. Finally, the extent to which 

the extracellular effects are mediated by full-length ACBP/DBI or by one of its derived 

peptides remains elusive, emphasizing the importance of studying the underlying molecular 

mechanisms of ACBP/DBI functions in further details.
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GLOSSARY

ACBP 
Acyl-CoA binding protein. It belongs to the family of acyl-CoA-binding domain-containing 

proteins and binds long-chain acyl-CoA esters with high affinity and specificity. By 

mediating intracellular transport of long-chain acyl-CoA esters, ACBP directionally 

channels these substrates to utilizing enzymes

Anorectic 
causing a loss of appetite, e.g. an anorectic drug reduces appetite, resulting in lower food 

consumption, ultimately leading to weight loss

Autophagy 
a highly regulated cellular mechanism that degrades and recycles unnecessary or 

dysfunctional components in an ordered fashion. Besides being a pathway that is induced 

to protect against starvation, autophagy also plays a major role in cellular homeostasis of 

non-starved cells

β-oxidation 
the catabolic process by which two carbon atoms are removed from fatty acids in the 

form of acetyl-CoA from an acyl-CoA ester at the carboxyl terminal. Besides acetyl-CoA, 

FADH2 and NADH are also generated. Acetyl-CoA subsequently enters the TCA cycle 

while FADH2 and NADH are oxidized via the electron transport chain to generate ATP. In 

eukaryotes, β-oxidation of medium- and long-chain acyl-CoA esters primarily takes place in 

the mitochondria

DBI 
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diazepam binding inhibitor. DBI and ACBP are identical proteins discovered independently 

of each other. DBI is capable of displacing benzodiazepines from binding to the type-A 

γ-aminobutyric acid receptors (GABAARs) and of binding to translocator protein (TSPO) 

on the outer mitochondrial membrane

GABA 
γ-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the mature 

mammalian central nervous system. GABA binds to either GABAA or GABAC receptors, 

which are ligand-activated chloride channels, or GABAB metabotropic receptors, which are 

G-protein coupled receptors, that open or close potassium channels via G-protein signaling

GPCR 
G protein-coupled receptors, also known as seven-transmembrane domain receptors, which 

comprise a vast group of evolutionarily conserved surface receptors that respond to 

extracellular cues to regulate the activity of various effector proteins to produce 2nd 

messengers including cAMP and Ins-1,4,5P3

Lipogenic 
involved in the metabolic process through which acetyl-CoA is converted to fatty acids and 

triglycerides. Fatty acids are produced in the cytosol via fatty acid synthase by repeatedly 

adding two-carbon units to acetyl-CoA. Triglycerides are synthesized in the endoplasmic 

reticulum via a series of esterifications of fatty acids to a glycerol backbone. Both processes 

take place mainly in liver and adipose tissue

Long chain acyl-CoA 
LCACoA, activated long-chain fatty acids and key intermediates in numerous lipid 

metabolic pathways, and recognized as important signaling molecules. Acyl-CoA esters 

are synthesized by acyl-CoA synthetases in an energetically costly reaction that uses the 

equivalent of two high-energy bonds

Melanocortin pathway 
plays a crucial role in systemic energy homeostasis. The fed state is signaled by abundance 

of circulating hormones such as leptin and insulin, which bind to receptors expressed at 

the surface of POMC neurons to promote processing of POMC to α-MSH. After release, α-

MSH then signals to decrease energy intake by binding to melanocortin-4 receptor (MC4R) 

expressed by MC4R neurons in the paraventricular nucleus of the hypothalamus

Neurogenesis 
the process by which new neurons are produced from neural stem cells. Neurogenesis is 

most active during embryonic development and is responsible for producing all types of 

neurons of an organism. Neurogenesis also continues in certain brain regions after birth in 

the mammalian brain

POMC 
pro-opiomelanocortin is the precursor of a number of biologically active peptides including 

circulating melanocyte stimulating hormone (α-MSH), adrenocorticotropin hormone 

(ACTH), β-lipotropin and β-endorphin. Differential cleavage of POMC by proprotein 
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convertases occur in the different tissues where it is expressed, resulting in diverse biological 

functions e.g. POMC-expressing neurons in the brain play a role in the control of pain via 

the formation of β-endorphin

TTN and ODN 
posttranslational processing of DBI/ACBP gives rise to TTN (DBI17–50) and ODN 

(DBI33–50). DBI/ACBP binds to TSPO and to the benzodiazepine binding site on GABAAR, 

while ODN is a more selective ligand for the binding site on GABAAR, and TTN is more 

selective towards binding to TSPO

Unconventional secretory pathway 
a secretory pathway comprising either extracellular secretion of cytosolic proteins without 

a signal peptide (e.g. leaderless proteins) or cell-surface trafficking of signal-peptide-

containing transmembrane proteins independent of the endoplasmic reticulum or Golgi 

apparatus
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Figure 1. Tertiary structure of holo DBI/ACBP (bovine) with bound palmitoyl-CoA.
The peptide backbone is depicted in grey (PDB 1NVL), while the acyl-group and CoA 

of palmitoyl-CoA are shown in green and yellow, respectively. Two peptides that can be 

derived from ACBP/DBI, ODN (ACBP/DBI33–50) and TTN (ACBP/DBI17–50), are shown in 

light blue and blue, respectively. In the lower panel sequences of ACBP/DBI from human, 

mouse, bovine and goldfish have been aligned and sequences covering ODN and TTN 

shown.
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Figure 2. Selected intracellular functions of ACBP/DBI.
ACBP/DBI (illustrated as a light green Pacman shape) can act as an acyl-CoA pool former, 

protecting long-chain acyl-CoA esters (LCACoAs) from hydrolysis by thioesterases (TES), 

extract LCACoAs from membranes, deliver LCACoAs to glycerolipid, glycerophospholipid, 

and ceramide synthesis (CerS), to fatty acid elongation by fatty acid elongases 

(ELOVL) and to mitochondrial β-oxidation. ACBP/DBI also relieves inhibition of the 

enzymes FAS, ACC and ACS by LCACoAs. Abbreviations: ACAT, acyl-CoA:cholesterol 

acyltransferase; ACC, acyl-CoA carboxylase; ACSL, acyl-CoA synthetase; AGPAT, 

acylglycerol-3-phosphate-acyltransferase; Cer, ceramide; CerS, ceramide synthase; CPT1, 

carnitine palmitoyltransferase 1; dhSph, dihydrosphingosine; dhCer, dihydroceramide; 

ELOVL, elongation of very long chain fatty acids; FAS, fatty acid synthase; GPAT, 

glycerol-3-phosphat acyltransferase; LIPN-1, Lipin-1; SPTLC1, Serine Palmitoyltransferase 

Long Chain Base Subunit 1.
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Figure 3. Pleiotropic roles of ACBP/DBI as a secreted extracellular (in blue) and intracellular (in 
red) protein on peripheral lipid metabolism, hormone secretion and brain functions.
In most cells, intracellular ACBP plays a key role in intracellular fatty acid fluxes and 

metabolism including LCFACoA oxidation and esterification in neural and tumor cells 

as well as lipogenesis in fat and liver cells. In the skin, ACBP promotes ceramide and 

very-long chain fatty acid synthesis which is essential to maintain the trans-epidermal 

barrier and energy homeostasis. In the brain, secreted ACBP promotes neurogenesis 

and neuroprotection via GABAAR and ODN-GPCR-dependent pathways respectively. In 

addition, extracellular ACBP modulates synaptic transmission, neural function, and diverse 
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types of behavior including feeding behavior. Circulating ACBP levels are affected by 

changes in the metabolic status and fat mass. Extracellular ACBP regulates hormone 

secretion in the gut (CCK) and endocrine pancreas (insulin) as well as lipid metabolism 

in adipocytes. Peripheral administration of ACBP promotes feeding and anabolic pathways 

(lipogenesis in liver and fat cells) though it remains unclear whether the effects of exogenous 

ACBP on metabolism and food intake are direct (via GABAAR and/or ODN-GPCR) and/or 

indirect (via hormone secretion and/or afferent neurons).
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