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ABSTRACT Cushing syndrome (CS) is caused by an increase in endoge-

nous or exogenous glucocorticoids, leading to major alterations in body

composition, including visceral obesity, sarcopenia, osteoporosis, type 2

diabetes, and dyslipidemia. Cardiovascular complications resulting from

CS are often lethal. We previously demonstrated that CS induced by oral

corticosterone (CORT) supplementation in mice can be prevented by

inhibition of the peptide hormone acyl-CoA binding protein (ACBP), en-

coded by the gene diazepambinding inhibitor (DBI). Here, we investigated

whether ACBP/DBI inhibition could be used to treat, rather than prevent,

CS. To this end, we initiated treatment with anti-ACBP/DBI monoclonal

antibodies (mAbs) in mice three weeks after the start of CORT supplemen-

tation, when hyperphagia and body weight gain were already established.

Two anti-ACBP/DBI mAbs, 7G4a (specific for mouse ACBP/DBI only) and

82 (which recognizes both mouse and human ACBP/DBI), were able to

normalize food intake and halt weight gain in mice under continuous

CORT treatment. In addition, both mAbs attenuated CORT-induced sar-

copenia, adiposity in inguinal, perigonadal, and visceral fat depots, and

fully restored metabolic parameters, including type-2 diabetes, insuline-

mia, free fatty acids, triglycerides, and liver transaminases. In conclusion,

neutralization of ACBP/DBI may serve as an effective therapeutic strategy

for the treatment of established CS.
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Abbreviations:
ACBP - acyl-CoA binding protein,
CORT -CS induced by oral corticosterone,
CS - Cushing syndrome,
DBI - diazepam binding inhibitor,
GABA - gamma-amino butyrat acid,
GABAA - GABA Type A,
GCs - glucocorticoids,
iBAT - interscapular brown adipose tissue,
mABs -monoclonal antibodies,
RANKL - receptor activator of NK-�B ligand,
WAT -white adipose tissue,
GR -GC receptor.

INTRODUCTION

Glucocorticoids (GCs) exert profound effects on whole-body

metabolism and physiology, orchestrating complex adaptive

andmaladaptive responses that contribute to the pathogenesis

of Cushing syndrome (CS) [1–3]. Chronic GC excess from

internal sources (such as adrenocortical carcinomas or pituitary

adenomas inducing glucocorticoid production by the normal

adrenal cortex due to the action of the hormone corticotropin,

best known as ACTH) or external (iatrogenic) administration,

leads to hallmark features of CS including hyperphagia,

adipose tissue redistribution (lipodystrophy), muscle atrophy

(sarcopenia), insulin resistance, dyslipidemia, depression,

cognitive decline, and immunosuppression [4, 5].

Despite extensive characterization of GC receptor (GR)-

mediated transcriptional networks, the identification of critical

downstream soluble mediators that propagate GC-induced

systemic metabolic alterations remains incomplete. Recent

evidence implicates acyl-CoA binding protein/diazepam

binding inhibitor (ACBP/DBI), an endogenous peptide ligand

of the gamma-amino butyrate acid (GABA) Type A (GABAA)

receptor [6, 7], as a pivotal effector linking GC signaling to

metabolic and body composition changes [8]. Constitutive
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FIGURE 1 ∙ Comparison of domains and epitopes in ACBP/DBI. (A) Location of the octadecaneuropeptide (ODN, green) which includes the
octapeptide (light green)withinmouseACBP/DBI protein. (B)Epitope recognizedby the toolmonoclonal antibody7G4a (blue),which is specific formouse
ACBP/DBI. (C) Epitope recognized bymonoclonal antibody 82B2G9 (red), which cross-reacts with both mouse and human ACBP/DBI.

genetic deletion or pharmacological neutralization of ACBP/DBI

has been shown to prevent the development of key features of

CS in mouse models [9, 10], yet whether targeting ACBP/DBI

after the onset of CS can reverse established metabolic

dysfunction has not been elucidated.

This study investigates the therapeutic potential of

ACBP/DBI neutralization in a well-established murine model

of CS induced by oral administration of corticosterone (CORT),

which is the most abundant endogenous glucocorticoid in

rodents [11]. Using bi-weekly administration of monoclonal

antibodies (mAbs) specific for ACBP/DBI following the onset

of GC excess, we demonstrate robust normalization of

hyperphagia, arrest of weight gain, and reversal of pathological

body composition. Furthermore, ACBP/DBI blockade markedly

ameliorates GC-induced metabolic derangements such

as hyperinsulinemia, insulin resistance, dyslipidemia, and

hepatic injury markers. These findings build upon previous

prophylactic data, positioning ACBP/DBI neutralization as a

viable therapeutic strategy for established CS.

RESULTS

ACBP/DBI neutralization reverses CORT-triggered

hyperphagia and halts CORT-inducedweight gain

C57BL/6J mice received either the CS-inducing intervention

(CORT diluted in ethanol added to the drinking water p.o.) or

the vehicle control (an equivalent quantity of ethanol) at the age

of 12 weeks for 6 weeks. Three weeks after initiation of CORT or

vehicle treatment, mice received twice-weekly intraperitoneal

(i.p.) injectionsof anti-ACBP/DBI-specificmAbs (either the IgG2A

mAb 7G4a or the IgG1 mAb 82) [12, 13], which recognize

distinct, non-overlapping epitopes in the ACBP/DBI protein

(Figure 1). As a control, mice received vehicle (PBS) with their

respective IgG isotype control mAbs instead of mAb 7G4a

or 82B2G9 (abbreviated as “82”), as indicated in the schematic

overview of the study (Figure 2A). Importantly, both food intake

and body weight were significantly increased after 3 weeks

of CORT treatment, prior to mAb administration (Figure 2B,

C). Subsequently, injection of isotype control mAbs failed to

mitigate further increases in food intake and weight. In contrast,

both anti-ACBP/DBI-specific mAbs consistently normalized

food intake during the three-week treatment period (Figure 2B)

and arrested weight gain (Figure 2C), indicating that ACBP/DBI

neutralization exerts therapeutic effects in established Cushing

syndrome.

ACBP/DBI neutralization attenuates CORT-induced

changes in body composition

At endpoint, all mice were euthanized and specific organs were

weighed to calculate their relative contribution to bodymass. As

expected, CORT significantly reduced the relative mass of the

adrenal glands and representative skeletal muscles (Musculus

erector spinae and Musculus gastrocnemius), while increasing

the relative mass of white adipose tissue (WAT) in the inguinal,

perigonadal, and visceral areas, as well as that of interscapular

brown adipose tissue (iBAT) (Figure 3).

Both mAbs neutralizing ACBP/DBI failed to prevent adrenal

gland involution (Figure 4), consistent with the CORT-induced

blockade of ACTH secretion [14]. However, ACBP/DBI neutral-

ization significantly mitigated CORT-induced sarcopenia and

thymus atrophy. Moreover, ACBP/DBI blockade attenuated the

expansion of iBAT and WAT in all locations, indicating a net

mitigationof theCORT-inducedalterations in body composition

(Figure 4).

ACBP/DBI neutralization normalizes CORT-induced

hyperinsulinemia, dyslipidemia and hepatic

transaminases

At endpoint, we also investigated the effects of ACBP/DBI

neutralization on several plasma parameters, including

CORT-induced hypoglycemia, hyperinsulinemia, HOMA-IR

(Homeostatic Model Assessment for Insulin Resistance), as

well as proxies of dyslipidemia (increased free fatty acid

and triglyceride concentrations) or liver damage (elevated

alanine transaminase [ALT] and aspartate transaminase [AST])

(Figure 3).

As expected [9], neither mAb 7G4a nor mAb 82

affected plasma CORT concentrations, but both significantly

reduced ELISA-detectable levels of circulating ACBP/DBI. In

addition, ACBP/DBI neutralization fully normalized glycemia,

hyperinsulinemia, insulin resistance, dyslipidaemia, and
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FIGURE 2 ∙ Neutralization of ACBP/DBI attenuates corticosterone-induced hyperphagia and weight gain in mice. (A) Experimental design for
the pharmacological neutralization of ACBP/DBI in corticosterone (CORT)-treated mice. Female C57BL/6J mice were administered CORT (100 μgml−1
in drinking water) or vehicle (Veh) for 3 weeks. Beginning at week 3, mice received intraperitoneal injections twice a week of either an isotype control
antibody (5 mg kg−1 body weight) or one of two neutralizing anti-ACBP/DBI monoclonal antibodies (�ACBP: #7G4a or #82, each administered at 5 mg
kg−1 body weight) for 3 additional weeks. Blood glucose was measured after fasting, and tissues were harvested at week 6. Created with BioRender.com.
(B)Longitudinalmeasurement of daily food intakepermouse (g/day)wasmonitored in the indicatedgroups (n = 8/group). (C)Bodyweightwasmonitored
weekly (n = 8/group). All data represent the mean ± SEM. Statistical comparisons were performed using the TumGrowth application (https://kroemerlab.s
hinyapps.io/TumGrowth/).

circulating transaminases (Figure 5). These results support

the idea that CS-associated metabolic syndrome can be fully

reversed by ACBP/DBI inhibition.

DISCUSSION

Our previous work revealed that constitutive inactivation of the

ACBP/DBI system, either through whole-body or hepatocyte-

specific Dbi knockout, or by mutation of the ACBP/DBI receptor

(i.e., the F77I mutation in the γ2 subunit of the GABA A-type
receptor), fully prevented the metabolic signs of CS induced by

CORT treatment [9]. In addition, pretreatment of female or male

mice with anti-ACBP/DBI mAb before CORT supplementation

was able to prevent most, if not all, the manifestations of CS [9].

Here, we extend these findings by showing that anti-ACBP/DBI

mAbs administered after CS induction exert not only prophy-
lactic but also therapeutic effects. Given that our previous work
demonstrated comparable protective effects of ACBP/DBI neu-
tralization in both male and female mice [9], the use of females
in the present study does not introduce a sex-related bias.

Given these results, it appears surprising that major
metabolic effects of glucocorticoids would rely on the
downstream action of ACBP/DBI. This raises the question of
whether other glucocorticoid-induced factorsmight play similar
roles as ACBP/DBI. Previous reports have involved a variety of
tissue hormones as secondary mediators of glucocorticoids.
Thus, glucocorticoids upregulate myostatin in muscle cells,
and myostatin deficient mice fail to manifest muscle atrophy
in response to glucocorticoids [15–17]. Receptor activator
of NF-κB ligand (RANKL), which is produced by osteocytes,
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FIGURE 3 ∙ Neutralization of ACBP mitigates corticosterone-induced metabolic alterations. Female C57BL/6J mice were treated with vehicle
or corticosterone (CORT, 100 μgml−1 in drinking water) for 3 weeks. Beginning at week 3, mice received intraperitoneal injections twice a week of
either an isotype control antibody (5 mg kg−1 body weight) or one of two neutralizing anti-ACBP/DBI monoclonal antibodies (�ACBP: #7G4a or #82,
each administered at 5 mg kg−1 body weight) for 3 additional weeks. (A) A heatmap shows the standardized deviations (z-scores) of individual tissue
weights normalized to body weight, including adrenal glands, erector spinae, gastrocnemius, inguinal white adipose tissue (iWAT), perigonadal fat,
visceral fat, interscapular brown adipose tissue (iBAT), liver, and thymus. (B) A second heatmap presents the z-scores of circulating metabolic and
hormonal biomarkers, including glycemia, insulin, HOMA-IR, free fatty acids, triglycerides, alanine aminotransferase (ALT), aspartate aminotransferase
(AST), corticosterone, and plasma ACBP. Statistical comparisons were performed using pairwise two-tailed Wilcoxon tests with false discovery rate (FDR)
correction formultiple comparisons. Allmeasurementswere conducted at the endof the 6-weekprotocol. P values are indicated in the statistical heatmaps
on the right.

is strictly required for osteoporosis and osteopenia induced
by glucocorticoids [18]. However, RANKL expression is not
directly modulated by glucocorticoids [18], suggesting that
it plays a permissive rather than an active role in the bone
effects of glucocorticoids. In sharp contrast, interleukin-10
and annexin A1 are actively induced by glucocorticoids
in various cell types to mitigate immune responses and
inflammation, respectively [19–21]. However, interleukin-10
administration prevents insulin resistance in mice [22], while
its knockout exacerbates diabetes-associated bone loss [23].
Moreover, suppression of annexin A1 expression in mice
causes enhanced adiposity and diabetes [24]. These findings
suggest that neither annexin A1 nor interleukin-10 mediate the
obesogenic, diabetogenic action or bone weakening effects of
glucocorticoids. In the presentwork, wedid not directly quantify
glucocorticoid receptor (GR) or mineralocorticoid receptor
(MR) expression in adipose tissue or liver, and we therefore
cannot exclude a contribution of local receptor regulation.
However, the absence of changes in circulating corticosterone
concentrations upon ACBP/DBI neutralization suggests that its
protective effects are predominantly exerted downstream of
glucocorticoid receptor activation rather than via modulation
of GR/MR abundance, a hypothesis that will require dedicated
mechanistic studies.

Long-term exposure to glucocorticoids, whether due
to endogenous, apparently ’subclinical’ hypercortisolism
(also referred to as ’minimal autonomous cortisol secretion’)
or prolonged pharmacological treatment, can induce
several hallmarks of aging, even in the absence of overt
Cushing syndrome [25, 26]. ‘Subclinical’ hypercortisolism is
associated with difficult-to-manage diabetes and hypertension,
as well as age-related conditions such as sarcopenia,

osteoporosis, chronic kidney disease, cardiovascular disease,

and increased susceptibility to infections [27–30]. In this

context, it is noteworthy that levels of ACBP/DBI, increase

with age in humans [31, 32], particularly preceding or

during the onset of age-related diseases [7, 33–35]. In

murine models, neutralization of ACBP/DBI mitigates or

prevents a broad spectrum of age-associated pathologies,

including metabolic syndrome [12], steatohepatitis [36], kidney

dysfunction [32],myocardial infarction [36], heart failure [32, 37],

cancer [33, 35, 38, 39], and osteoarthritis [13]. These findings

raise the intriguing possibility that ACBP/DBI may mediate at

least some of the pro-aging effects associated with chronic

glucocorticoid exposure in humans.

In summary, ACBP/DBI currently emerges as a key down-

stream mediator of glucocorticoid action, particularly with re-

spect to systemic metabolism and body composition. Further-

more, ACBP/DBI may contribute to the hypothesized pro-aging

effects of prolonged glucocorticoid exposure. Moving forward,

it will be crucial to investigate the metabolic consequences of

ACBP/DBI activity downstreamof itsmodulation of chloride and

bicarbonate fluxes via theGABAA receptor, in order to fully eluci-

date its broad physiological roles.

MATERIALS ANDMETHODS

Mouse experiments

C57BL/6JWTmicewere housed under temperature-controlled

conditions and provided with food and water ad libitum. All

experimental procedures complied with FELASA guidelines

and receivedapproval from the local ethics committee (protocol

no. 2024_040_50288). Mice received intraperitoneal injections

twice a week of anti-ACBP/DBI monoclonal antibodies (mAb
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FIGURE 4 ∙ Neutralization of ACBP/DBI counteracts CORT-driven tissue atrophy and adipose expansion. Mice were processed as described in
Figure 2, and tissue weights were measured at the end of the 6-week protocol. (A–I) The weight of adrenal glands (A), erector spinae (B), gastrocnemius
muscle (C), inguinal white adipose tissue (iWAT,D), perigonadal fat (E), visceral fat (F), interscapular brown adipose tissue (iBAT,G), liver (H), and thymus
(I)was quantified and normalized to total body weight. Statistical comparisons were performed using one-way ANOVA followed bymultiple comparisons
corrected using the original FDR method. All bar graphs represent mean ± SEM. P values are indicated above the bars. Significance thresholds: p < 0.05,
p < 0.01, p < 0.001, p < 0.0001.

7G4a or mAb 82) at a dose of 5 mg/kg body weight for three
weeks, and control animals were injected with an isotype-
matched antibody at the same concentration.

Glycemia andHOMA-IR

Blood samples were obtained via tail incision, and glycemia
was assessed using a calibrated glucometer (Accu-Chek Per-
forma). Mice were monitored throughout the experiments, and
hypoglycemicepisodeswerepreventedbyadministeringa20%
glucose solution when necessary. The HOMA-IR index was cal-
culated using the standard formula: fasting blood glucose (after
a 16-hour fast, inmmol/L)multiplied by fasting insulin (after a 16-
hour fast, in μU/mL), divided by 22.5.

Biochemical assays

Plasma biochemical parameters were assessed using
commercial ELISA kits, including ALT (mouse ALT ELISA kit,
cat. no. ab282882, Abcam), AST (mouse AST ELISA kit, cat.
no. ab263882, Abcam), insulin (mouse insulin ELISA kit, cat.

no. 10-1247-01, Mercodia), triglycerides (TG assay kit, cat.

no. ab65336, Abcam), free fatty acids (FFA assay kit, cat. no.

ab65341, Abcam), and corticosterone (CORT ELISA kit, cat. no.

ab108821, Abcam). For CORT analysis, plasma was collected

at 8:00 AM (during the first hour of the light cycle) under general

anesthesia induced by isoflurane inhalation. All assays were

performed strictly following the manufacturer’s protocols.

Mouse ACBP/DBI ELISA

For in vivo analyses, plasma samples were collected in lithium

heparin tubes (cat. no. 450535, Greiner Bio-One), centrifuged at

1,500 g for 10minutes, and stored at −80 ◦Cuntil use. ACBP/DBI

levels were quantified by ELISA. High-binding 96-well plates

(Corning) were coated overnight at 4 ◦C with 100 μl/well of
murine anti-ACBP/DBI capture antibody (cat. no. ab231910, Ab-

cam) diluted at 1 μg/ml in PBS. After three washes with 0.1%
Tween 20 in TBS, plates were blocked with 100 μl of blocking
buffer (1% BSA, 0.05% Tween 20 in PBS) for 2 hours at room
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FIGURE 5 ∙ Neutralization of ACBP/DBI mitigates CORT-induced metabolic dysfunction and liver injury. Mice were processed as described in
Figure 2, and plasma samples were collected at the end of the 6-week protocol. (A–C) Plasma glycemia (A), insulin (B), and HOMA-IR index (C) were
measured to assess glucose metabolism. (D–G) Plasma levels of free fatty acids (D), triglycerides (E), alanine aminotransferase (ALT, F), and aspartate
aminotransferase (AST,G) were quantified asmarkers of lipidmetabolism and liver function. (H–I)Corticosterone (H) and plasma ACBP (I) concentrations
were measured as indicators of endocrine regulation. Statistical comparisons were performed using one-way ANOVA followed by multiple comparisons
corrected using the original FDR method. All bar graphs represent mean ± SEM. P values are indicated above the bars. Significance thresholds: p < 0.05,
p < 0.01, p < 0.001, p < 0.0001.

temperature (RT). Plasma samples (typically diluted 1:20, ad-

justed as needed) were added (100 μl per well) and incubated
for 2 hours at RT. Following three washes, detection was per-

formed using 100 μl of murine anti-ACBP/DBI antibody (cat.
no. MBS2005521, MyBioSource) diluted at 1 μg/ml in blocking
buffer and incubated for 1 hour at RT. After three additional

washes, 100 μl of HRP-conjugated avidin (1:1,000 in blocking
buffer) was applied for 30 minutes at RT. Plates were washed

four times, and the signal was developed using 100 μl of 1-
Step Ultra TMB-ELISA substrate (cat. no. 34029, Thermo Fisher

Scientific) for 10–30minutes at RT in the dark. The reaction was

terminated with 50 μl of 2N H2SO4 , and absorbance was mea-

sured at 450 nm using a FLUOstar OPTIMAmicroplate reader.
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