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ABSTRACT 

Cardiovascular disease (CVD) is the leading cause of death worldwide. Researchers have 

found that factors secreted by the brown adipose tissue (BAT) can influence heart function. One 

of those factors is acyl-CoA binding protein (ACBP), a secretable protein involved in lipid 

metabolism that links fatty acyl-CoA esters to metabolic pathways. This protein is therefore easily 

disrupted during metabolic disorders such as obesity. The current study aims to examine the 

cardiac effects of the specific lack of the secretable ACBP protein in brown adipocytes during high 

fat-diet (HFD)-induced obesity. Specific BAT-Acbp-KO mice and control Acbp Flox mice were 

fed a chow diet or HFD for 12 weeks before cardiac tissue was analyzed. Gene expression and 

protein quantification analyses of the heart were performed. Additionally, macrophages were 

treated with ACBP in vitro. Although the heart weight/tibia length (HW/TL) ratio was higher in 

the HFD groups for both genotypes, the genes associated with cardiac dysfunction were only 

induced in the BAT-Acbp-KO mice. Conversely, a reduction of fibrosis was seen in the BAT-Acbp-

KO group subjected to an HFD. Moreover, the HFD BAT-Acbp-KO group showed an increase in 

glycolytic genes and altered fatty acid metabolism. Lastly, ACBP promoted a pro-inflammatory 

phenotype in macrophages in vitro and deletion of ACBP in BAT reduced inflammation in the 

heart. This study shows that a specific lack of ACBP in BAT impacts the myocardium under HFD 

conditions.  

 

INTRODUCTION 

The heart is in charge of delivering nutrients, 

gases, and endocrine factors to all organs in the 

body (1). Due to this significant role, it is 

unsurprising that cardiovascular disease (CVD) 

is the leading cause of death worldwide, with 

around 17,9 million deaths each year (2).  Some 

of the main risk factors for the development of 

CVD are smoking, a sedentary lifestyle, diabetes, 

hypertension, and obesity (3). Obesity and CVD 

are strongly associated because of the coronary 

risk factors that come with obesity. However, it 

also exerts direct effects on the heart. Except for 

the increased risk for heart failure that people 

with obesity exhibit, left ventricular hypertrophy 

and fibrosis also have been documented among 

these cases (4). However, specific 

pathophysiologic pathways are yet to be 

investigated (5). Cardiac fibrosis is described as 

the uncontrolled accumulation of extracellular 

matrix (ECM) in the heart by the activation of 

fibroblasts into myofibroblasts (6). ECM 

deposition is usually a protective mechanism due 

to its crucial role in repair and wound healing. 

Besides, the interaction between cardiomyocytes 

and ECM is of great importance because of 

proliferation, migration, and survival signaling 

(7). On the contrary, pathological cardiac ECM 

accumulation causes a deformation in organ 

structure and alters cardiac function. The 

contractile and filling capacities of the heart are 

also impaired because of fibrotic turnover (8). 

Metabolic dysfunctions, often associated with 
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obesity, activate fibrogenic pathways inducing 

fibrotic cardiac remodeling (9). This remodeling 

often results in reduced ejection fraction due to 

increased myocardial stiffness and it eventually 

leads to diastolic dysfunctions (10, 11). Another 

process of cardiac remodeling includes the 

increase of the left ventricular (LV) wall leading 

to a decrease in contractility. This process is 

called cardiac hypertrophy and is characterized 

by an enlargement of the cardiomyocytes (12, 

13). Initially, cardiac hypertrophy serves as a 

response to many external factors, including 

hypertension, contractile abnormalities, and 

valvular heart disease. However, prolonged 

cardiac hypertrophy leads to cardiomyocyte 

apoptosis and dysregulations, resulting in heart 

failure (14). Two types of hypertrophy can be 

defined: physiological and pathologic. 

Regardless of the same origin as a response to 

increased cardiac stress, they vary in prognosis 

and outcome. Physiological hypertrophy will 

maintain its cardiac function over time, while 

pathological hypertrophy has adverse cardiac 

outcomes, including heart failure, arrhythmias, 

etc., (13). Fat accumulation in obesity requires an 

increased workload and cardiac output (CO), and 

eventually an enlargement of the LV to cardiac 

dysfunction. Simultaneously, dyslipidemia 

causes induction of inflammatory responses, 

contributing to the pathological features of 

cardiac hypertrophy (15). Obesity triggers a 

general microinflammatory state in which the 

heart is also generally affected (16). 

Inflammation is a response to cardiac injury and 

activates many mechanisms for tissue repair. 

However, uncontrolled inflammation can worsen 

cardiac function and induce hypertrophy, 

fibrosis, and hypertension (17).  Cardiac 

inflammation is mainly controlled by 

monocytes/macrophages (18). Residential 

macrophages often have an M2 or anti-

inflammatory phenotype. However, during 

obesity, a switch to M1 macrophages occurs due 

to the alternations in hormones, metabolic 

substrates, mechanical stress, and residential 

inflammatory molecules (17). M1 macrophages 

secrete pro-inflammatory cytokines and act as 

key regulators of the processes mentioned before 

(16).  Furthermore, they can control cardiac 

fibrosis by signaling fibroblasts and activating 

them into myofibroblasts (18). Although M1 

macrophages recruit myofibroblasts for the 

initiation of repair mechanisms in cardiac injury, 

chronic inflammation leads to excessive ECM 

production, promoting cardiac damage (19).  

Fatty acids are the most efficient energy 

substrates (20). Given the high energy 

consumption that the heart requires for its 

function, adapting to changes in lipid metabolism 

is necessary (12, 13). The main adenosine 

triphosphate (ATP) source of the heart is 

mitochondrial oxidative phosphorylation (95%) 

and the remaining 5% is due to glycolysis (21). 

Fatty acids are accountable for 40-60% of ATP 

production in the heart. The fatty acids are taken 

up into cardiomyocytes using transporters and 

fatty acid-binding proteins. Once inside, they are 

transported into the mitochondria (22, 23). The 

hypertrophic heart reduces its fatty acid 

metabolism and increases glycolysis resulting in 

this active changing of the myocardium (21). 

This metabolic shift resembles a characteristic 

fetal cardiac phenotype in mice (14, 21, 22). The 

upregulation of glucose metabolism reduces the 

myocardial oxygen utilization per mole of 

produced ATP  (14).  

Acyl-coenzyme A binding protein (ACBP), 

also known as diazepam-binding inhibitor (DBI), 

has emerged as a novel target in CVD (24, 25). 

This protein is phylogenetically conserved and is 

expressed in plants, fungi, animals, and even 

some eubacteria. ACBP has a dual function and 

shows high similarity between the Homo Sapiens 

and Mus Musculus species (Figure S1) (26). It 

was first discovered for its extracellular 

interaction with the gamma-aminobutyric acid 

(GABA)-A receptor in the brain. This GABA-A 

receptor is triggered by GABA, which has a 

depressant role in the central nervous system. 

ACBP is an endogenous benzodiazepine secreted 

by neurons as a neuropeptide, which modulates 

the GABA-A receptor activity (27, 28). Later, its 

role in lipid metabolism was described, where 

cytosolic ACBP binds preferentially long-chain 

acyl coenzyme (CoA) esters, referred to as 

activated fatty acids (25, 28). The binding with 

ACBP  allows the activated lipids to be coupled 

to different metabolic pathways (Figure S2) (29). 

Therefore, ACBP is involved in many 

neurological and metabolic processes (30).  

Recently, it has been described that ACBP 

can be secreted peripherally in an autophagy-

dependent trend, and it also influences the 

autophagic status of the cells in an endocrine way 

(29). Autophagy refers to cellular processes for 

degradation and recycling of intracellular 

components and thus maintaining cellular 

homeostasis (31). Different autophagic stimuli 

such as starvation trigger ACBP release, which in 

turn inhibits extracellularly the autophagic flux of 
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the cells as negative feedback. Moreover, ACBP 

treatment per se has been proven to block 

starvation-induced autophagy. Lastly, 

extracellular ACBP has a direct impact on 

metabolism. High plasmatic ACBP levels induce  

hyperphagy, reducing glycemia and fat 

accumulation.  This brings the hypothesis of a 

negative feedback loop where fasting induces an 

autophagy-dependent increase of circulant ACBP 

levels and therefore functions as a mediator to 

restore food intake and inhibit autophagy (27, 

29). These effects have been recently proven to 

be performed through the GABA-A receptor 

peripherally (32). 

Interestingly, current research observed a 

positive correlation between ACBP plasma 

concentrations and age or BMI in humans (32). 

On the contrary, the ACBP levels are decreased 

in patients suffering from anorexia nervosa (33).  

Additionally, the influence of ACBP levels on 

many human malignant diseases has been 

suggested by several studies. Breast cancer 

patients with high ACBP mRNA levels had a 

negative prognostic impact on survival and 

progression of the disease (34). ACBP was also 

highly detected in colon adenocarcinoma 

compared with normal control tissue (35). 

Similarly, a high ACBP expression was seen in 

glioma and glioblastoma, bladder cancer stem 

cells, and non-small cell lung cancers (36-38). 

Elevated plasma levels of ACBP contribute to an 

increase in CVD risk in healthy individuals (24). 

Moreover,  upon neutralizing ACBP, a reduction 

in fibrosis, inflammation, and cell damage was 

found in the heart, liver, and lungs by activating 

autophagic pathways. Overall, ACBP affects 

many cellular processes and various organs (21).  

As mentioned before, ACBP has an 

important role in fatty acid metabolism, which is 

a crucial process in all tissues, including the 

brown adipose tissue (BAT) (39). Preliminary 

data from our laboratory in mice showed the most 

prominent expression of ACBP was in adipose 

tissues, concretely in BAT (Figure 1).  In this 

tissue, efficient activation and transfer of fatty 

acids are critical for proper thermogenesis (40). 

The BAT is the main site for non-shivering 

thermogenesis (41). Specifically, brown 

adipocytes produce heat through a proton leak 

caused by Uncoupling protein 1 (UCP1) instead 

of energy in the form of ATP. Its main metabolic 

source of thermogenesis is mainly free fatty acids 

for mitochondrial β-oxidation (42). To maintain 

this source for oxidation, the BAT uses plasmatic 

triglycerides and alternatively glucose (39, 42). 

The role of ACBP in this process is coupling 

long-chain fatty acids to the mitochondria for β-

oxidation (25, 28, 43). Through the promotion of 

energy expenditure in this process, BAT activity 

is known to protect against obesity (44). This 

BAT activity also prevents type II diabetes and 

maintains glucose and insulin homeostasis in an 

obesity model (45, 46). Concerning the effect of 

a high fat diet and thus the development of 

obesity on lipid metabolism, an increase in 

circulating ACBP was found in an HFD rat model 

(47). Another study suggested a depletion of 

ACBP as a treatment for obesity because of the 

abnormally elevated levels in people suffering 

from obesity.   

Recent studies have found that BAT has an 

influence on cardiac metabolic health by burning 

glucose-derived fatty acids and triglycerides (39, 

48). The association between obesity and CVD 

has gained considerable interest since obesity is a 

crucial risk factor for CVD (21, 49).  Disordered 

glucose and lipid metabolism are involved in the 

development of obesity, which therefore 

 

 

Figure 1: Relative Acbp expression among different organs. Preliminary data investigating the 

relative Acbp mRNA levels among different tissues in mice. Results are presented as the mean ± SEM 

(n=4). eWAT, epididymal white adipose tissue; iWAT, inguinal white adipose tissue. 
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increases the possibility of developing CVD (39, 

42). The prevalence of obesity is increasing 

globally, with 4.72 million deaths every year, 

where more than 70% of deaths are caused by 

CVD (50, 51). Obesity causes changes in lipid 

metabolism including a rise in lipolysis and 

circulating free fatty acids, insulin resistance, 

inflammation, and an increase in very low-

density lipoprotein (52). Therefore, BAT has 

been targeted as a novel target against the 

development of obesity. During obesity, a 

depletion in the activity of the BAT has been 

found in humans, which can affect CVD (53). A 

negative correlation between BAT and CVD was 

observed in a clinical study (54). Further studies 

led to the discovery of hypertension, 

hypertrophy, and fibrosis in the heart in mice with 

a reduced BAT function (48, 55).  

Concerning the influence of secreted factors 

by the BAT on heart function such as ACBP, and 

the role of ACBP in lipid metabolism and energy 

balance in the heart and in BAT, a diet-induced 

alternation in ACBP in the BAT could lead to 

myocardial alternations. The role of ACBP 

produced in BAT on cardiac metabolism and 

function when subjected to an HFD has not yet 

been elucidated. However, since the BAT shows 

increased expression of ACBP in basal 

conditions in preliminary data, it is interesting to 

examine a specific BAT-Acbp-KO model to 

evaluate the effect on the heart.  Therefore, the 

purpose of this study is to elucidate the potential 

effect of ACBP absence in a BAT-Acbp-KO 

obese mice model on cardiac function. 

Ultimately, this study could identify ACBP as a 

novel target for CVD in patients suffering from 

obesity.

 

 

 

EXPERIMENTAL PROCEDURES 

 

 

Animals - For the generation of brown 

adipose tissue-specific ACBP knockout mice 

(BAT-Acbp-KO mice), Acbp flox/flox mice 

which were gently provided by Nils Faergeman 

(University of Southern Denmark; loxP sites 

flanking Acbp exon 1) and were crossed with 

constitutive UPC1-Cre mice (Jackson 

Laboratory). All mice have a C57Bl/6 

background. They were housed as littermates in a 

controlled environment with food and water 

supply ad libitum and 12h light/dark cycles at 

22°C. For the induction of obesity, mice were fed 

a 45% HFD (Envigo, TD.06415, Indianapolis, 

United States) for 3 months, while a chow diet 

was used as a control (Figure S3). Mice were 

euthanized using cervical dislocation. Body 

weight was measured before sacrifice. Hearts 

were weighted and normalized to tibia length. All 

animal experiments were executed following the 

European Community Council Directive 

2010/63/EU and in agreement with the 

institutional animal care and use committee of the 

University of Barcelona. 

 

Plasma metabolite measurement - Plasma 

glucose was measured using the Accu Chek 

measuring device (Roche, Basel, Switzerland). 

Triglyceride levels were measured using the 

Accutrend®Plus technology (Roche, Basel, 

Switzerland). Plasma metabolite measurements 

were done after sacrifice. 

 

Real-Time Reverse Transcription 

Polymerase Chain Reaction - Total RNA was 

extracted from the left ventricle of the heart using 

the TriPure reagent (Roche, Indianapolis, IN, 

United States) and the chloroform-isopropanol 

method. cDNA was reverse-transcribed using the 

High Capacity RNA-to-cDNA kit (Applied 

Biosystems, Foster City, CA, United States) 

according to the manufacturer’s instructions, and 

a total of 0.5µg RNA was used in a 20µl volume 

containing the TaqMan Universal PCR Master 

Mix (ThermoFisher Scientific) and primers from 

the Assays-by-Design Gene Expression Assay 

Mix or Assays-on-Demand Gene Expression 

Assay Mix (ThermoFisher Scientific) (Table S1). 

The real-time qPCR reactions were conducted 

using the TaqMan Gene Expression Assays 

(ThermoFisher Scientific, Waltham, MA, United 

States) according to the manufacturer’s 

instructions using the ABI 7500 Real-Time PCR 

system (ThermoFisher Scientific, Waltham, MA, 

United States). The samples were analyzed in 

duplicates and the mean was calculated to obtain 

the gene expression of interest. The total mRNA 

expression was calculated using the comparative 

method (2- ΔCT) and Cyclophilin A (Ppia) as a 

reference gene. 

 

Western blot - Proteins were extracted from 

the heart using ice-cold RIPA buffer including a 

protease inhibitor mixture (56). The 

concentration of the proteins was measured using 
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the PierceTM BCA protein assay kit. Proteins 

were loaded on 12 or 15% Sodium Dodecyl 

Sulfate Polyacrylamide Gels (SDS-PAGE) and 

transferred to Immobilon-P membranes 

(Millipore). Membranes were blocked using 5% 

milk at room temperature and incubated 

overnight with the primary antibodies (anti-

ACBP (1:2000, homemade, gently provided by 

Nils J. Faergeman (University of Southern 

Denmark)); anti-CPT1b (1:1000; ab189182; 

Abcam), anti-MPC1 (1:1000; ab74871; Abcam), 

anti-PDK4 (1:5000; ab214938; Abcam), anti-

MCT4 (1:1000; ab308528; Abcam)). Next, they 

were incubated for one hour at room temperature 

with the peroxidase-conjugated secondary goat 

anti-rabbit antibodies (1:3000; ab6721: Abcam). 

Proteins were revealed with the immobilon 

chemiluminescent HRP substrate reagent kit 

(Millipore, Billerica, MA, United States) and 

imaged using the iBrightTM Imaging System 

(Invitrogen, Thermo Fisher Scientific). The 

Ponceau staining was used as a control. 

Quantification of the images was performed 

using the iBright Analysis software. 

  

RAW 264.7  cell culture  - Murine RAW 

264.7 macrophages purchased from ATCC were 

grown in RPMI-1640 medium with 10% iFBS 

and 1% P/S and incubated at 37°C in a 5% CO2 

incubator. Gene expression analyses were 

conducted by plating the macrophages at 2 x 10^5 

cells·mL-1 and growing until a confluence of 

80%. Next, cells underwent serum starvation in 

RPMI medium with 0.05% bovine serum 

albumin (BSA) for 12 hours. Subsequently, the 

macrophages were classically activated by 

adding 60 ng·mL-1 LPS (Sigma-Aldrich) or 

alternatively activated by adding 40 ng·mL-1 IL-

4 (PeproTech) for 12 hours before treating the 

cells with recombinant Acbp protein (100nM) for 

24 hours. Data analysis was conducted by using 

3 repetitions. 

 

Statistics - To analyze the data, outliers were 

identified (ROUT method), normality was tested 

(Shapiro-Wilk test), followed by a two-way 

ANOVA, Mann-Whitney test, or a student t-test. 

A post hoc test was performed additionally. P-

values under 0.05 were considered statistically 

significant. Results are displayed as mean ± 

SEM. The statistical analysis was conducted 

using the GraphPad Prism 10 software 

(GraphPad Software Inc.). Additionally, the 

graphs were created using the same software.  

 

 

 

 

RESULTS 

 

 

Effect of ACBP deletion in BAT on metabolic 

parameters in HFD-subjected mice 

To confirm our BAT-Acbp-KO model, 

the Acbp gene expression of the BAT was 

measured and a 4-fold KO was observed for our 

BAT-Acbp-KO models (p<0.0001; Figure 2a), 

whereas RNAseq confirmed this with a ten-fold 

KO (data not shown). Moreover, an overall HFD 

effect was observed causing a decrease in both 

models (p<0.0001), specifically, the flox model 

underwent a significant decrease of Acbp 

(p<0.0001; Figure 2a). Similar results were 

obtained for the protein levels of Acbp in BAT 

(Figure 2b). BAT expresses a high amount of 

Ucp1 and this plays a major role in 

thermogenesis. BAT Ucp1 was assessed to check 

the well-determined BAT activation under HFD, 

ergo a proper effect of the HFD in the BAT (57). 

We observed a significant increase of Ucp1 in 

both genotypes (p<0.0001; Figure 2c). The HFD 

significantly increased body weight in both 

models (p<0.0001; Figure 2d). The blood glucose 

and triglyceride levels showed an increase in our 

HFD models (p=0.0007 for both; Figure 2e,f). A 

genotype effect was observed for the blood 

glucose, with decreased levels in the BAT-

Acbp_KO models (p=0.025; Figure 2d). 

Moreover, there tends to be a reduction in blood 

triglyceride levels in the BAT-Acbp-KO models 

(Figure 2e). In conclusion, the HFD increased 

Ucp1 expression levels, body weight, blood 

glucose, and triglyceride levels. The BAT-Acbp-

KO models showed decreased Acbp expression in 

BAT and reduced blood glucose levels.  

 

Absence of ACBP in BAT induces cardiac 

dysfunction  

To determine the effect of ACBP on 

cardiac dysfunction, the heart weight tibia length 

(HW/TL) was measured. An enlargement of the 

heart was observed in the HFD groups 

(p<0.0001; Figure 3a) that tends to be higher in 

the BAT-Acbp-KO mice compared with the 

control. Considering these observations, the 

following cardiac remodeling genes were  
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analyzed (atrial natriuretic factor (Nppa), 

encoding B-type natriuretic factor (Nppb), α- 

myosin heavy chain (Myh6), β-myosin heavy 

chain (Myh7)) (Figure 3b-e). The BAT-Acbp-KO  

models showed increased Nppa in the heart (p= 

0.0069; Figure 3b). This effect also tends to occur 

for Nppb (Figure 3c). We also analyzed genes 

encoding myosin heavy chain proteins found in 

the sarcomere of cardiomyocytes. For the 

analysis of cardiac remodeling and maturity of 

cardiomyocytes, Myh6 and Myh7 were analyzed. 

During pathological hypertrophy, a switch from 

Myh6 to Myh7 occurs in mice, making Myh7 

more prominent (50). An elevated Myh7 

expression was observed in the BAT-Acbp-KO 

models (p=0.0077). A diet-induced effect was 

also observed for both Myh6 and Myh7 

separately, decreasing the pathologic phenotype 

when consuming an HFD (p=0.0006). 

Furthermore, the ratio between the two isoforms 

was determined (Myh6/Myh7) for overall cardiac 

function and a decrease was found in the BAT-

Acbp-KO models, in contrast to our control 

models (p=0.0009). Besides, no dietary changes 

were found for the Myh6/Myh7 ratio (Figure 3d-

f). These results indicate an induction of cardiac 

damage in the BAT-Acbp-KO models. 

 

BAT-Acbp-KO mice subjected to an HFD 

undergo a metabolic switch to glycolysis in the 

heart 

The heart undergoes many metabolic 

changes under stress (18). Therefore, the glucose 

metabolism markers (pyruvate dehydrogenase 

inhibitor (Pdk4), Monocarboxylate Transporter 4 

(Mct4), and mitochondrial pyruvate carrier 1 

(Mpc1)) were analyzed using qPCR and western 

blot (Figure 4). An overall HFD effect was 

observed in Pdk4 where an increase was seen for 

both models on protein and gene expression 

levels (p=0.0034; p<0.0001, respectively; Figure 

4a,e). Specifically, the Acbp Flox model showed 

a significant increase in Pdk4 on gene expression 

level (p= 0,0373; Figure 4a). This HFD effect 

was also observed in the protein analysis, where 

a significant increase was observed in the BAT- 

 

 

Figure 2:  Effect of Acbp deletion in BAT on gene expression and metabolic parameters in HFD-

subjected mice. a) Quantification of Acbp mRNA expression in LV. b) Protein levels of Acbp 

(1:2000) in Acbp Flox and BAT-Acbp-KO mice in BAT (n=3/group), corrected with the Ponceau 

staining. c) Quantification of Ucp1 mRNA expression in LV. d) Body weight was measured in grams. 

e) Blood triglycerides (mg/dL). f) Blood glucose (mg/dL). All mRNA expressions and plasma 

metabolites were measured in Acbp Flox (n=7) and BAT-Acbp-KO (n=6) both consuming a chow 

diet and Acbp Flox (n=8) and BAT-Acbp-KO (n=9) both consuming an HFD. Data is presented as 

mean ± SEM and analyzed using a two-way ANOVA. *p < 0.05; ***p < 0.001; ****p < 0.0001 for 

a HFD effect. ####p < 0.0001 for a genotype effect.  
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Acbp-KO model (p=0.0002; Figure 4d,e). On 

protein level, a significant increase in the lactate  

exporter Mct4 was observed due to the HFD 

(p=0.0315), specifically in our Acbp-BAT-KO 

model subjected to a HFD (p=0.0204; Figure 

4d,f). This also occurs with Mpc1 protein 

expression, where an increase in the BAT-Acbp-

KO group due to the HFD effect was found (p= 

0,0413; Figure 4d,g). On genotype level, all 

markers (Pdk4, Mct4, and Mpc1) showed a 

decrease in gene expression in the Acbp-BAT-

KO models (p=0.0364; p=0.0041, p=0.0145, 

respectively; Figure 4a-c). The Mct4 and Mpc1 

protein levels showed a significant interaction 

effect (p=0.0275; p=0.0004, respectively; Figure 

4d,f,g). The protein analysis suggested a 

metabolic switch to glycolysis in the heart for the 

BAT-Acbp-Ko group subjected to an HFD. In 

summary, the BAT-Acbp-KO group showed 

increased glycolysis upon HFD.  

 

The BAT-Acbp-KO group showed an altered fatty 

acid metabolism  

Due to the high metabolic activity of the 

heart, some fatty acid metabolism markers (acyl-

CoA dehydrogenase long chain (Acadl), Acbp, 

and carnitine palmitoyltransferase 1B (Cpt1b)) 

were measured using qPCR and Western blot 

(Figure 5). Firstly, no significant changes were 

found for Acbp in the heart (Figure 5a). On the 

protein level, an increase in Cpt1b levels was 

obtained in the HFD groups (p=0.0351; 

p=0.0005, for Acbp Flox and BAT-Acbp-KO, 

respectively; Figure 5d,e), while no significant 

differences were found for the mRNA expression 

of Cpt1b (Figure 5c). However, a general 

decrease of Acadm was seen in our BAT-Acbp-

KO models (p=0.0361; Figure 5b). Overall, the 

BAT-Acbp-KO showed altered fatty acid 

metabolism upon HFD.  

 

 

 

 

Figure 3: Depletion of Acbp in BAT induces cardiac dysfunction. a) Heart weight/tibia length 

ratio. mRNA gene expression of the hypertrophic markers Nppa (b), and Nppb (c) Myh6 (d), Myh7(e), 

Myh6/Myh7 ratio (f), in the LV of  Acbp Flox (n=7) and BAT-Acbp-KO (n=6) mice both consuming 

a chow diet and Acbp Flox (n=8) and BAT-Acbp-KO (n=9) mice both consuming a HFD. Data is 

presented as mean ± SEM and analyzed using a two-way ANOVA.*p < 0.05; **p < 0.01; ****p < 

0.0001 for an HFD effect; #p < 0.05; for a genotype effect.   
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A lack of Acbp in BAT reduces HFD-induced 

fibrosis 

For the analysis of cardiac fibrosis, the 

following fibrotic genes were measured 

(Collagen type III alpha I (Col3a1), Collagen 

type I alpha I (Col1a1), Matrix metalloproteinase  

9 (Mmp9), and TIMP Metallopeptidase Inhibitor 

1 (Timp1); Figure 6). For the HFD effect, an  

overall significant increase was observed in 

Col3a1 (p<0.0001), and a specific increase was 

analyzed for the BAT-Acbp-KO model 

(p=0.0017; Figure 6a). On the contrary, an 

overall decrease in fibrosis was observed for the  

Mmp9/Timp1 ratio in the HFD groups (p=0.0002; 

Figure 6e). A reduction in Mmp9 expression was 

measured upon HFD, specifically in the BAT-

Acbp-KO group (p=0.0008; p=0.0013, 

respectively; Figure 6c). Consistently with the 

increased Timp1 expression upon HFD,  

 

  

 

Figure 4: BAT-Acbp-KO alters cardiac glycolytic markers upon HFD.  mRNA expression in the 

heart using metabolic markers Pdk4 (a), Mct4 (b), and Mpc1 (c) in Acbp Flox (n=7) and BAT-Acbp-

KO (n=6) both consuming a chow diet and Acbp Flox (n=8) and BAT-Acbp-KO (n=9) both 

consuming a HFD. d) Western blot analysis of the heart tissue using the following proteins Pdk4, 

Mct4, and Mpc1. Quantification of the western blot analysis of Pdk4 (1:5000) (e), Mct4 (1:1000) (f), 

and Mpc1 (1:1000) (g) (n=6/group) normalized using the Ponceau Staining. Data is presented as mean 

± SEM and analyzed using a two-way ANOVA. *p < 0.05; **p < 0.01 for a HFD effect. #p < 0.05 

for a genotype effect. 
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Figure 5: ACBP alters fatty acid metabolism markers upon HFD. mRNA expression in the heart 

using metabolic markers Acbp (a), Acadm (b), and Cpt1b (c) in Acbp Flox (n=7) and BAT-Acbp-

KO (n=6) both consuming a chow diet and Acbp Flox (n=8) and BAT-Acbp-KO (n=9) both 

consuming an HFD. d) Western blot analysis of Cpt1b (1:1000) in the heart tissue. e) Quantification 

of the Cpt1b western blot analysis (n=6/group). Data is presented as mean ± SEM and analyzed using 

a two-way ANOVA. *p < 0.05; ***p < 0.001; for a HFD effect. 

 

 

Figure 6:  Absence of ACBP in BAT reduces fibrosis in heart tissue. mRNA expression of fibrotic 

genes Col3A1 (a), Col1A1 (b), Mmp9 (c), Timp1(d) and the Mmp9/Timp1 ratio (e) in LV of Acbp 

Flox (n=7) and BAT-Acbp-KO (n=6) mice both consuming a chow diet and Acbp Flox (n=8) and 

BAT-Acbp-KO (n=9) mice both consuming a HFD. Data is presented as mean ± SEM and analyzed 

using a two-way ANOVA.*p < 0.05;**p < 0.01; ***p < 0.001 for an HFD effect; ##p < 0.01; for a 

genotype effect.   
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specifically in the BAT-Acbp-KO group 

(p=0.0060; p=0.0494, respectively; Figure 6d).  

Moreover, a significant decrease of Col1a1 was  

observed in the Acbp- BAT-KO model subjected 

to an HFD (p= 0.0301; Figure 6b). As for the  

genotype effect, a significant reduction in Col3a1 

expression was observed in our BAT-Acbp-KO 

models (p=0.0105; Figure 6a). Lastly, an overall 

significant interaction effect was observed for the  

Col1A1, Mmp9, and the Mmp9/Timp1 ratio 

(p=0.0167; p=0.0347; p=0.0452, respectively;  

Figure 6b,c,e). These results indicate that the  

BAT-Acbp-KO group is protected against 

fibrosis upon HFD.  

 

ACBP alters macrophage polarization and 

inflammation 

Since macrophages are the first immune 

cells to invade cardiac tissue and initiate fibrotic 

pathways, it seemed interesting to analyze the 

effect of Acbp independently on the macrophage 

M1 and M2 phenotypes (16). The RAW264.7 

cell culture was treated with recombinant Acbp  

and qPCR measurements were performed. Acbp 

induced increased expression of M1 phenotype 

markers Nitric oxide synthase (Nos2), Tumor 

necrosis factor (Tnfα), and C-C Motif Chemokine 

Ligand 2 (Ccl2) in monocytes (p=0.001;  

p<0.0001; p<0.0001, respectively; Figure 7a-c). 

This effect also occurred in the M2 phenotype 

(p=0.001; p=0.0004; p=0.0002, respectively; 

Figure 7a-c). The mRNA expression of the M2 

marker Mrc1 was unaltered upon ACBP 

treatment (Figure 7d). The M2 marker Arg1 

showed an increased expression in the M2 group 

when treated with Acbp (p<0.0001; Figure 7e). 

Overall, Acbp induces a pro-inflammatory M1 

phenotype in macrophages. 

 The heart tissue of the BAT-Acbp-KO 

and Acbp Flox groups upon chow or HFD diet 

 

 

Figure 7:   ACBP promotes a pro-inflammatory phenotype (M1) in macrophages in vitro. 

Macrophages (control (red), M1 (light blue), and M2 (dark blue)) were treated with recombinant Acbp 

protein (100nM) for 24 hours after pre-treatment with LPS (60ng/ml) or IL-4 (40ng/ml) for 

stimulation of M1 or M2 phenotype, respectively. mRNA expression was measured for M1 

macrophage phenotype markers Nos2 (a), Tnfα (b), and Ccl2(c) (n=4/all groups except for control 

ACBP group (n=3)). mRNA expression levels of M2 macrophage phenotype markers Mrc1 (d) and 

Arg1 (e) (n=4/all groups except for control ACBP group (n=3)). Data is presented as mean ± SEM 

and analyzed using a multiple unpaired student t-test and two-way ANOVA. $$$p < 0.001; $$$$p < 

0.0001 for an ACBP effect. 
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was analyzed using qPCR, where we measured 

inflammatory markers Interleukin 1 Beta (Il1b) 

and Tnf. An overall HFD effect was observed for 

the Il1b expression, reducing inflammation in the 

HFD groups (p=0.0020; Figure 8a). An 

interaction effect was discovered for the Tnf 

expression between the BAT-Acbp-KO group 

(p=0.0110; Figure 8b). Specifically, a decreased 

Il1b and Tnf expression was observed for the 

BAT-Acbp-KO group due to the HFD 

(p=0.0162; p=0.0245, respectively; Figure 8a,b). 

The Tnf expression even tends to be lower in the 

BAT-Acbp-KO group compared with the Acbp 

Flox both subjected to an HFD. Additionally, we 

found an overall diet-induced decrease in the 

Mrc1 expression (p= 0.0002), specifically in the  

BAT-Acbp-KO group (p=0.003; Figure 8c). The 

Arg1 group seemed to show consistent results, 

reducing anti-inflammatory markers upon HFD 

in the Bat-Acbp-KO group (Figure 8d). Deletion 

of Acbp in BAT altered inflammatory markers in 

the heart.  

 

DISCUSSION 

 

This study identified ACBP as a factor 

involved in myocardium remodeling upon HFD-

induced obesity. Preliminary data from our 

laboratory showed that BAT is the most 

prominent organ to express Acbp. Therefore, it 

seemed interesting to perform a BAT-Acbp-KO 

and investigate the myocardium. Besides this, 

researchers have found several factors secreted 

by BAT to influence cardiac function. For 

example, BAT-secreted proteins Fgf21 and Il-6 

protect the heart against cardiac hypertrophy and 

inflammatory effects respectively (58, 59). The 

association between the BAT and the heart is also 

metabolic, indicating that an active BAT 

decreases the prevalence of obesity which is a 

risk factor for CVD by burning glucose and 

triglycerides (39). Overall, we observed 

increased cardiac dysfunction/pathological 

 

 

Figure 8: Deletion of ACBP in BAT alters inflammatory phenotype in the heart. Macrophages 

(control (red), M1 (light blue), and M2 (dark blue)) were treated with recombinant Acbp protein 

(100nM) for 24 hours after pre-treatment with LPS (60ng/ml) or IL-4 (40ng/ml) for stimulation of 

M1 or M2 phenotype, respectively. mRNA expression levels of anti-inflammatory markers Mrc1(c) 

and Arg1(d) in heart tissue of Acbp Flox (n=7) and BAT-Acbp-KO (n=6) both consuming a chow 

diet and Acbp Flox (n=8) and BAT-Acbp-KO (n=9) both consuming an HFD. Data Is presented as 

mean ± SEM and analyzed using a multiple unpaired student t-test and two-way ANOVA. *p < 0.05; 

**p < 0.01 for an HFD effect.  
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hypertrophy markers, reduced fibrosis, and 

changes in metabolism markers in our specific 

BAT-Acbp-KO model upon HFD.  

The Acbp gene expression was first 

measured in the BAT-Acbp-KO model to confirm 

the KO. Due to the dynamic interplay between 

cells in the BAT (including macrophages, 

sympathetic neurons, immune cells, and others) a  

residual Acbp expression could be measured as  

RNA in BAT-Acbp-KO by qPCR. (60, 61). Also, 

Ucp1 was overexpressed in BAT with HFD for 

both genotypes. This is a typical feature of diet-

induced obesity as previously reported (57, 62). 

Furthermore, Ucp1 was inversely correlated to 

Acbp expression in Acbp Flox mice, a finding we 

have described in other different wild-type mice 

models (unpublished).  

In the HFD groups, a significant increase 

in body weight and HW/TL was measured due to 

the increase in fat intake (63, 64). Triggers such 

as an HFD can induce pathological hypertrophy 

due to increased blood pressure or volume 

overload, which is associated with contractility 

impairment and altered pumping functioning of 

the heart (65, 66). In this study, we saw a 

tendency in our BAT-Acbp-KO group subjected 

to an HFD to have an increased HW/TL ratio 

compared with the Acbp Flox group upon HFD. 

We were therefore interested in the gene 

expression levels of genes usually associated 

with cardiac dysfunction and hypertrophy. 

Supported by other studies, pathologic cardiac 

hypertrophy is associated with a switch to fetal 

genes, resulting in upregulation of the Myh7 

rather than Myh6, the same pattern of expression 

that we described for the BAT-Acbp-KO mice 

(67, 68). This upregulation of fetal genes suggests 

decreased cardiomyocyte contractility and 

therefore increased myocardial stiffness (67).  

Our results showed a reduction in Myh6 and 7 

gene expressions in the HFD models. This is 

opposite to previous studies where HFD-

subjected mice showed increased hypertrophy in 

the heart and increased expression of Myh7 rather 

than Myh6 (69, 70). A possible explanation can 

be that C57/Bl6 mice are resistant to HFD effects 

or the duration of the HFD. Nppa (Anp) and Nppb 

(Bnp) are upregulated in a hypertrophic heart and 

secreted upon increased wall stretch (71). 

Consistently with our results, a more prominent 

expression of Nppa rather than Nppb was 

measured in the BAT-Acbp-KO groups. Upon 

HFD, no significant differences were found, but 

researchers have found that Nppa and Nppb gene 

expression was reduced in cardiac tissue of obese 

rats (72). Accordingly, the natriuretic peptides 

showed low plasma levels in people with obesity, 

which could be due to a reduced secretion of 

natriuretic peptides from the heart (73, 74).   

As mentioned before, the heart 

undergoes a switch to a fetal metabolic profile in 

cardiac hypertrophy, increasing glycolysis and 

decreasing fatty acid metabolism (75). In an acute 

way, the switch to glycolysis is beneficial for the 

maintenance of cardiac function in basal 

conditions. However, in the long-term, this 

change in metabolism is not beneficial to meet 

the energetic demands of the heart, since it can be 

not only the consequence but also the cause of 

cardiac hypertrophy and dysfunction (76, 77).  

In our study, increased protein and gene 

expression levels of Pdk4 were found in the HFD 

groups, indicating an increased fatty acid 

metabolism in the heart (78, 79). It is known that 

animals subjected to a long-term HFD induce 

cardiac Pdk4 expression, confirming our HFD 

models which were subjected to an HFD for 12 

weeks (80). However, the Pdk4 protein levels 

showed this increase to a lesser extent in the BAT-

Acbp-KO groups compared with the Acbp flox 

groups. The absence of ACBP in BAT could 

influence energy substrate availability for the 

heart and induce this switch to glycolysis (81). 

In pathological conditions, the heart also 

increases lactate transport to improve cardiac 

functions (82). In our study, we described an 

increase in lactate exporter Mct4 protein levels 

upon HFD, specifically in our BAT-Acbp-KO 

group. Consistently, researchers have found 

upregulated Mct4 to induce cardiac hypertrophy 

due to altered energy demand and substrate 

availability and also in leptin receptor-deficient 

mice (83, 84). Moreover, elevated plasma levels  

of lactate were observed in people with obesity, 

indicating an increased lactate efflux mediated by 

MCT4 (85, 86). On the contrary, the gene 

expression levels of Mct4 showed an overall 

significant decrease in our BAT-Acbp-KO group. 

A significant decrease of Mpc1 protein 

expression in the BAT-Acbp-KO was observed 

compared with the Acbp Flox upon chow diet. In 

contrast to our results, Mpc1 expression was 
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downregulated in hypertrophic hearts of humans 

and mice due to the switch to glycolysis in this 

condition (87). Mpc1 gene expression showed a 

significant difference between the 2 genotypes. 

This difference between gene and protein 

expression might be due to post-translational or -

transcriptional modifications. Increased protein 

levels of Mpc1 in the BAT-Acbp-KO group upon 

HFD could also be a reflection of the impaired 

cardiac metabolic status of these mice. In cardiac 

hypertrophy, impaired mitochondrial pyruvate 

uptake leads to reliance on glycolysis (87). 

However, during increased metabolic demand in 

HFD conditions, the heart may upregulate 

mitochondrial components, such as Mpc1 (88). In 

obese mice with a C57BL/6 background, no 

significant differences were found in the 

expression of Mpc1 compared with WT (89). 

Mpc1-/- mice even improved heart failure upon 

HFD (90). It is still unknown how the Mpc1 

expression is altered upon HFD.  

The fatty acid metabolism marker Acadm 

(Mcad) showed a significant reduction in the 

BAT-Acbp-KO mice, indicating reduced FA 

utilization and increased glycolysis (88). The 

protein expression of Cpt1b, another FA 

metabolism marker and the central point of β-

oxidation regulation (91), showed increased 

levels upon HFD, specifically in the BAT-Acbp-

KO group.  In HFD, increased availability of FFA 

causes increased FA metabolism (92). The 

deletion of ACBP in BAT disrupted lipid 

metabolism in BAT and might have an overall 

effect on metabolic homeostasis, including the 

heart (39). The metabolic markers show that our 

BAT-Acbp-KO model increased the metabolic 

demand and uses different substrates to maintain 

cardiac function (88). Glycemia and triglyceride 

levels were decreased in both BAT-Acbp-KO 

models, suggesting a potential circulating 

metabolite clearance by the heart.  

The ECM of the heart consists of Col1a1 

(85%) and Col3a1 (11%) secreted by CF (7, 11). 

Obesity is strongly associated with cardiac 

fibrosis which is related to metabolic 

dysfunction, insulin resistance, and 

hyperglycemia, however, the exact mechanisms 

remain poorly understood (5). Researchers have 

found an induction of cardiac fibrosis in HFD 

models (93, 94). The diet-induced obesity model 

used in this study has more subtle effects on the 

myocardium. Diet-induced cardiac fibrosis has 

been described in an HFD model of a minimum 

of 6-8 months in C57BL/6 mice with increased 

collagen expression (95, 96). A significant 

increase of Col3a1 was observed upon HFD, 

specifically in our BAT-Acbp-KO model. 

Increased levels of Col3a1 cause cardiac fibrosis 

(97). For the Col1a1 expression, a decrease 

between our BAT-Acbp-KO groups was found 

upon HFD, indicating protection against fibrosis 

(97). Additionally, in the BAT-Acbp-KO groups, 

a significant decrease in Col3a1 was measured, 

specifying a protective genotypical effect (97). 

Mmp9 degrades the ECM, while Timp1 inhibits 

this process (98). An imbalance of these two 

factors initiates several pathologies, including 

cardiac fibrosis and inflammation. In this study, a 

decrease in Mmp9 expression was observed in the 

HFD groups, specifically the BAT-Acbp-KO 

group, which is associated with protection 

against fibrosis (99). These findings are 

confirmed by the upregulation of Timp1 in the 

HFD groups (98).  

Cardiac fibrosis and inflammation show 

a very strong association. Consistently with our 

fibrosis and in vitro results, the inflammatory 

cytokines Il1β and Tnf were decreased in the 

BAT-Acbp-KO group upon HFD. This suggests 

that depletion of ACBP in BAT modulates the 

inflammatory response associated with obesity. 

The inflammatory response induced by obesity 

can be influenced by lipid overload (18).  In case 

of cardiac injury, M1 macrophages are recruited 

to the site of injury and activate fibroblasts for the 

production of ECM (19). ACBP increased the M1 

phenotype in a macrophage cell culture. (33).  

The induction of hypertrophy in the BAT-

Acbp-KO groups suggests that deletion of ACBP 

induced cardiac stress and dysfunction. As ACBP 

influences beta-oxidation and BAT relies on this 

for proper thermogenesis, deletion of ACBP in 

BAT could impair energy balance in the heart (41, 

88). Despite the cardiac dysfunction analyzed in 

this model, a reduction of fibrosis and 

inflammation was observed in this model upon 

HFD, proposing an activation of anti-

inflammatory and anti-fibrotic pathways. 

Deletion of ACBP could alter the BAT signaling 

molecules (batokines) and induce anti-fibrotic or 

anti-inflammatory effects. Another reason can be 

an enhanced lipid handling by the heart causing a 
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decrease in lipid overload and pro-inflammatory 

markers. The natriuretic peptides are upregulated 

upon cardiac hypertrophy but exert inhibitory 

effects on cardiac fibroblasts (100).    

The cardiac phenotype obtained in our 

BAT-Acbp-KO model upon HFD gained our 

interest in the underlying mechanisms. ACBP 

levels are upregulated in obesity and CVD (24, 

28, 33), removal of ACBP from BAT could 

thereby alter ACBP circulating levels and exert 

obesity-induced cardiac effects. Another 

plausible mechanism in our BAT-Acbp-KO is a 

potential change in BAT secretome due to the 

deletion of ACBP. Signaling molecules 

(batokines) secreted by BAT can influence other 

peripheral organs, including the heart (101). As 

mentioned earlier, changes in batokine levels 

such as Il-6 and FGF21 could induce cardiac 

remodeling and alter cardiac function (58, 59). 

Deletion of ACBP in the BAT, which is a 

metabolic active organ and contributes to lipid 

metabolism and energy expenditure (53, 102), 

could influence the cardiac changes observed. 

This BAT-Acbp-KO might have disrupted lipid 

metabolism and thermogenesis, thereby inducing 

metabolic stress. Fatty acid oxidation is the 

primary source of energy for the heart, which is 

highly metabolically active (103). Due to this 

metabolic disturbance in the BAT, the heart needs 

to adapt and this could lead to the cardiac 

dysfunction observed in this study (88).    

Future implications in the involvement of 

ACBP secreted by BAT on CVD include 

investigation in other obesity models, including 

genetic models to obtain more information about 

the diet-induced effect of ACBP. Moreover, other 

typical cardiac dysfunction models (doxorubicin, 

isoproterenol, and genetic models) could be used 

to examine the ACBP model on CVD. Studies 

applied in female mice could result in different 

results due to hormonal changes and different fat 

distribution. Analyzing circulating ACBP levels 

could give us an indication of a direct or indirect 

effect on the heart in our BAT-Acbp-KO model. 

Moreover, identifying the specific batokines and 

functional pathways in the BAT-Acbp-KO model 

could be interesting in examining the association 

between ACBP, BAT, and cardiac effects. Lastly, 

chronic exposure to HFD and the association 

with ACBP, BAT, and CVD could be interesting 

to analyze due to the different effects observed in 

previous studies.  

 

CONCLUSION 

 

In conclusion, this research provides 

insights into the cardiac effects obtained in a 

BAT-Acbp-KO model upon HFD. The findings 

suggest an increase in cardiac dysfunction, 

reduced cardiac fibrosis, increased glycolytic 

markers, altered fatty acid markers, and 

decreased inflammation. The involvement of 

ACBP in numerous metabolic pathways and 

myocardial remodeling suggests its influence on 

CVD pathologies. Therefore, targeting ACBP 

and its pathways can be promising for mitigating 

the burden of CVD. Further research needs to be 

performed to unravel the exact mechanisms of 

ACBP in BAT and CVD.  
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SUPPLEMENTARY MATERIAL 

 

 

 
 

Supplementary Figure 1: ACBP sequence alignment between Homo Sapiens (Uniprot ID: P07108) 

and Mus Musculus (Uniprot ID: P31786) by using the NCBI BLAST tool 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (104, 105). The conserved residues (*), conservative (:), and 

semi-conservative (.) residues are displayed. An identity of 78% (68/87), positives of 91% (80/87), and an 

E-value of 1e-54 was obtained.  

 

 

 
 

Supplementary Figure 2: The function of ACBP in lipid metabolism. Representation of ACBP and its 

role in transporting Acyl Coenzyme A esters to the mitochondria for β-oxidation. ATP, adenosine 

triphosphate; β-oxidation, beta oxidation; CoA, Coenzyme A; ETC, Electron transport chain; TCA, 

tricarboxylic acid;  Figure constructed with Biorender 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Supplementary Figure 3 – Representation of the animal models used and diet interventions. 3-month-

old Acbp Flox and BAT-Acbp-KO mice were subjected to a chow diet or a HFD for a 3 month period 

before sacrefice and collection of the tissue. ACBP, Acyl-CoA binding protein; BAT, Brown adipose tissue;  

HFD, High fat diet. KO, Knockout. Figure constructed with Biorender. 

 

Supplementary table 1 –   Taqman RT-PCR gene expression probes. 

 

Gene  Reference code 

 Ppia Mm 02342430_g1 

 Dbi (Acbp) Mm 01286585_g1 

 Myh6 Mm 00440359_m1 

Myh7 Mm 00600555_m1 

Col1a1 Mm 00801666_g1 

TNF (tnfα) Mm 00443325_m1 

Ccl2 Mm 00441242_m1 

Acadm Mm 00431611_m1 

Mpc1 Mm 01316203_g1 

Mct4 Mm 00446102_m1 

Col3a1 Mm 01254476_m1 

Mmp9 Mm 00442991_m1 

Nppa  Mm 01255747_g1 

Timp1 Mm 00441818_m1 

Cpt1b Mm 00487200_m1 

Nppb Mm 01255770_g1 
 

 

  Reference codes are specific identifiers for the genes used in this study.  

 


