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The tyrosine kinase inhibitor Dasatinib reduces cardiac steatosis and fibrosis in obese, type 2 diabetic mice
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Abstract
Background
Cardiac steatosis is an early yet overlooked feature of diabetic cardiomyopathy. There is no available therapy to treat this condition. Tyrosine kinase inhibitors (TKIs) are used as first or second-line therapy in different types of cancer. In cancer patients with diabetes mellitus, TKIs reportedly improved glycemic control, allowing insulin discontinuation. They also reduced liver steatosis in a murine model of non-alcoholic fatty liver disease. The present study aimed to determine the therapeutic effect of the second-generation TKI Dasatinib on lipid accumulation and cardiac function in obese, type 2 diabetic mice. We also assessed if the drug impacts extra-cardiac fat tissue depots.

Methods
Two studies on 21-week-old male obese leptin receptor mutant BKS.Cg-+Leprdb/+Leprdb/OlaHsd (db/db) mice compared the effect of Dasatinib (5 mg/kg) and vehicle (10% DMSO + 90% PEG-300) given via gavage once every three days for a week or once every week for four weeks. Functional and volumetric indices were studied using echocardiography. Post-mortem analyses included the assessment of fat deposits and fibrosis using histology, and senescence using immunohistochemistry and flow cytometry. The anti-adipogenic action of Dasatinib was investigated on human bone marrow (BM)-derived mesenchymal stem cells (MSCs). Unpaired parametric or non-parametric tests were used to compare two and multiple groups as appropriate.

Results
Dasatinib reduced steatosis and fibrosis in the heart of diabetic mice. The drug also reduced BM adiposity but did not affect other fat depots. These structural changes were associated with improved diastolic indexes, specifically the E/A ratio and non-flow time. Moreover, Dasatinib-treated mice had lower levels of p16 in the heart compared with vehicle-treated controls, suggesting an inhibitory impact of the drug on the senescence signalling pathway. In vitro, Dasatinib inhibited human BM-MSC viability and adipogenesis commitment.

Conclusions
Our findings suggest that Dasatinib opposes heart and BM adiposity and cardiac fibrosis. In the heart, this was associated with favourable functional consequences, namely improvement in an index of diastolic function. Repurposing TKI for cardiac benefit could address the unmet need of diabetic cardiac steatosis.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12933-023-01955-9.
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Introduction
Type 2 diabetes mellitus (T2DM) is a prevalent risk factor for cardiovascular disease [1]. Early-stage cardiac remodelling in T2DM manifests as left ventricular (LV) wall hypertrophy and reduced LV end-diastolic and end-systolic volumes. Underlying metabolic alterations comprise the loss of flexibility in myocardial substrate utilization, mitochondrial dysfunction, and the activation of inflammatory and fibrotic programs [2]. Progression of myocardial damage ultimately leads to the development of LV dysfunction and heart failure (HF), principally characterized by preserved ejection fraction [3, 4].
Cardiac steatosis, i.e., the intramyocardial accumulation of lipids, is a typical yet overlooked feature of diabetic cardiomyopathy [5]. Lipid deposits can be found in the heart of diabetic patients with normal cardiac function, suggesting that steatosis may precede and possibly contribute to the onset of diabetic cardiomyopathy [6]. Under physiologic conditions, a tight coupling between uptake and oxidation prevents the accumulation of lipids in cardiomyocytes. In T2DM, an excess free fatty acid load can overpower the cardiomyocyte’s oxidative capacity. Consequently, toxic intermediates of the non-oxidative pathway, such as ceramide, accrue causing cardiomyocyte dysfunction [7–10]. Lipotoxicity amplifies the damage from other cardiovascular risk factors, such as arterial hypertension and ischemia, through the activation of the pro-fibrotic TGF-β signalling pathway and the production of reactive oxygen species (ROS). These events eventually culminate in cardiomyocyte loss and replacement fibrosis [11]. Cardiac magnetic resonance imaging (MRI) studies have shown an association between myocardial fat content, epicardial adipose tissue volume, and a higher burden of interstitial fibrosis [12].
Whether cardiac steatosis can be prevented or reversed to halt the progression of diabetic cardiomyopathy remains under debate. Traditional antidiabetic or lipid-lowering agents, aimed at shifting the balance of cardiac metabolism from utilizing fatty acids to glucose, have shown conflicting results and may cause adverse cardiovascular events, as in the case of thiazolidinediones [13, 14]. Tyrosine kinase inhibitors (TKIs) represent a milestone in cancer therapy. Recently, TKIs have been repurposed to treat non-cancer diseases, such as autoimmune arthritis [15]. Interestingly, recent clinical evidence suggests that TKIs can improve metabolic control in cancer patients with diabetes, preserving β cell function and mass, ameliorating insulin resistance, and allowing for discontinuation of antidiabetic therapy [16, 17].
Likewise, a phase 2 clinical trial with the first-generation TKI Imatinib conducted in non-cancer patients with recent-onset type 1 diabetes demonstrated an improvement in β-cell function and peripheral insulin sensitivity [18]. Dasatinib is a second-generation TKI used to treat chronic myeloid leukemia and Philadelphia chromosome-positive acute lymphoblastic leukemia. It exhibits a more remarkable and extended kinase inhibitory potency than first-generation TKIs [19]. The association of Dasatinib and the flavonoid Quercetin attenuated adipose tissue inflammation and senescence and improved systemic metabolic function in older mice [20, 21]. In a murine model of non-alcoholic fatty liver disease, Dasatinib reportedly reduced liver steatosis, inflammation, fibrosis, and hepatocellular ballooning, by attenuating lipogenesis and inducing M2 macrophage polarization with anti-fibrotic activity [22]. Additionally, TKIs can improve the anti-lipolytic activity of insulin, thereby reducing the mobilization of free fatty acids from visceral fat depots [23]. Nonetheless, whether Dasatinib can halt or reverse cardiac steatosis remains unknown.
The present study aimed to determine the therapeutic effect of the TKI Dasatinib on myocardial lipid accumulation and cardiac function in obese, type 2 diabetic mice. We also assessed whether the drug’s action is selective to the heart or extended to traditional fat depots.

Methods
Protocols in mice
Ethics
Experimental procedures were approved by the British Home Office (PPL number: PP1377882), the University of Bristol, and were compliant with the EU Directive 2010/63/EU and principles stated in the “Guide for the Care and Use of Laboratory Animals” (Institute of Laboratory Animal Resources, 1996). Mice were housed in groups of three to six individuals in an enriched environment within a bio-secure unit under a 12 h light/dark cycle at 25℃. They were fed a standard chow diet (LabDiet) and given water ad libitum. Two studies with different follow-up durations were conducted.

Experimental design
In the first study (Supplementary Fig. 1), eight 21-week-old male obese leptin receptor mutant BKS.Cg-+Leprdb/+Leprdb/OlaHsd (db/db) mice (Envigo) were randomly given either Dasatinib (5 mg/kg in 10% DMSO + 90% PEG-300; Sigma Aldrich) or vehicle only (10% DMSO + 90% PEG-300) via gavage once every three days for a week. Urine glucose level was measured using One + Step® G strips. At the end of the week, the mice underwent echocardiography under isoflurane anaesthesia before being sacrificed by exsanguination. Blood was collected into EDTA (0.5 M, pH 8.0, Fisher Scientific) coated tubes. Heart, femur, and tibia were harvested. The tissue was fixed in 4% (w/v) paraformaldehyde (PFA) (Sigma-Aldrich) for histological assessment.
In the second study (Supplementary Figs. 2), 21-week-old male db/db mice were randomly allocated to receive Dasatinib (5 mg/kg) or vehicle (10% DMSO + 90% PEG-300) (n = 9 mice per group) by gavage once per week for a period of four weeks. Urine glucose level was measured as stated previously. Seven lean male C57BL/6 mice of the same age (Envigo) receiving no treatment served as a non-diabetes mellitus control reference (NDM-CTRL). At the end of the protocol, echocardiography was acquired under terminal anaesthesia, followed by blood, and tissue harvesting. Plasma was stored at -80℃ for molecular biology, and the tissues were fixed with 4% (w/v) PFA for histology. Total bone marrow (BM) cells isolated from the femur and tibia were used for flow cytometry analyses.

Echocardiography
Mice were studied under isoflurane anaesthesia (2.5% for induction, followed by 0.5–1.2% as appropriate to maintain a heart rate at 450 ± 25 bpm). Dimensional and functional cardiac parameters were measured using a Vevo3100 echocardiography system (Fujifilm VisualSonics Inc, Toronto, Canada).

Mouse bone marrow cell isolation
Both the proximal and distal ends were cut from the femur and tibia, the BM was flushed with DPBS until bone cavities were clean, and the resulting suspension was centrifuged at 200 g for 10 min at 25℃. After removing the supernatant, cell pellets were incubated with 1x red blood cell lysis buffer (Invitrogen) for 2 min at 4℃, washed with DPBS and centrifuged at 200 g for 10 min. Isolated cells were used for flow-cytometry.

Bones decalcification and processing for immunohistochemistry
Femoral bones were collected and cleaned from the surrounding tissues, rinsed once with PBS, and fixed with 4% (w/v) PFA for 24 h at 4℃. After fixation, tissues were decalcified with 10% (v/v) formic acid for 48 h at room temperature (RT) and embedded in OCT.

Immunohistochemistry of mouse heart and bone marrow
Frozen sections were post-fixed in acetone (Sigma-Aldrich) for 5 min at -20℃. After air-drying at RT for 30 min, the slides were rehydrated using distilled water for 3 min and washed with 1x PBS for 10 min. Antigen retrieval was performed in citrate buffer (pH = 6.0, microwave method, Sigma-Aldrich). After cooling, the sections were washed and non-specific binding blocked for 30 min using 20% (v/v) goat serum (Vector Laboratories) in PBS. Sections were probed with primary antibodies in 1% BSA (w/v) in PBS overnight at 4℃. After washing with PBS, sections were incubated with secondary antibody (1:200, Alexa Fluor 568-conjugated anti-mouse IgG; Invitrogen) diluted in 1x PBS for 1 h at 37℃, protected from light. The nuclei were stained with DAPI in 1x PBS for 18 min at RT, protected from light. Slides were washed with 1x PBS for 15 min, rinsed once in distilled water for 3 min, and mounted with Fluoromount-G (Invitrogen). Immunofluorescent images were acquired using a Leica SP8 LIGHTNING confocal microscope (40 x and 63 x objectives). Details of the primary and secondary antibodies used in immunohistochemistry (IHC) are listed in the Supplementary Table 1. Control stainings either omitting the primary antibody or using the isotype control are shown in Supplementary Fig. 3.

Lipid assessment in mouse heart and bone marrow
Imaging of neutral lipids and lipid droplets was performed on cryosections using Oil red O (ORO) (Sigma-Aldrich) staining. Images were acquired within 24 h using an Olympus BX40 light microscope (400 x and 600 x magnification).

Fibrosis assessment in mouse heart
Myocardial interstitial fibrosis was identified using Azan Mallory staining. Images were acquired using an Olympus BX40 light microscope (400 x magnification).

Multiplex assay
Mouse plasma was assayed for presence of adiponectin, interleukin 6 (IL-6), insulin, leptin, monocyte chemoattractant protein 1 (MCP-1), plasminogen activator inhibitor-1 (PAI-1), resistin, and tumor necrosis factor alpha (TNFα) using a Milliplex mouse plasma adipokine kit (Millipore) using the manufacturer’s protocol. The plates were read using a Luminex MAGPIX system (Bio-RAD, Bio-Plex® MAGPIX™ Multiplex Reader).

Flow cytometry analyses on mouse BM cells
Flow cytometry was employed to assess cellular senescence and the activity of mitochondria of sorted BM-MSCs. A total 500,000 cells were washed once in DPBS, spun at 200 g for 10 min, then stained with 100 μL Zombie Aqua dye (1:1000 in DPBS) for 20 min at RT, protected from light. After washing with cold fluorescent-activated cell sorting buffer, cells were added with TruStain FcX™ PLUS (anti-mouse CD16/32) antibody (Biolegend) for 10 min on ice with 1:200 dilution in DPBS to inhibit the non-specific binding of the immunoglobulin to the Fc receptors. Next, cells were incubated with antibodies listed in Supplementary Table 2. In addition, cells underwent MitoTracker Deep red (Invitrogen) staining with 25 nM working solution according to the manufacturer’s protocol. After staining, the cells were fixed with 2% PFA (w/v) followed by incubation in Senescence Green (Invitrogen) staining buffer for 1 h, at 37℃, without CO2, protected from light. Fluorescence minus one (FMO) control tubes were included in the flow cytometry panels. OneComp eBeads (eBioscience) were used to optimize the fluorescence compensation settings. The BD LSR II Fortessa X20 (Becton Dickinson, San Jose, CA, USA) and FlowJo v10.8.1 software were used for analyses.


Protocols in human subjects
Ethics
The experimental procedures were covered by ethical approval from Wales Rec 4 (REC reference number: 14/WA/1005) and were compliant with the “Declaration of Helsinki” principles. Patients admitted to the Southmead Hospital (Bristol, UK) for hip reconstruction gave written informed consent to allow the use of tissue leftovers from surgery. The study was registered as an observational clinical study in the National Institute for Health Research Clinical Research Network Portfolio, UK Clinical Trials Gateway. The clinical characteristics are reported in Supplementary Table 3.

Isolation of BM cells
BM from the femoral head was scooped into a sterile pot and transferred into a sterile Falcon tube containing 5 mL 0.5 M EDTA, pH = 8.0, and maintained at 4℃. Samples were immediately washed 3 times with DPBS, passed through a 70 μm strainer to remove bone fragments and cell clumps, and centrifuged at 300 g for 15 min at 25℃. Cells were resuspended in DPBS, then stratified on Ficoll Histopaque 1077 (Sigma-Aldrich) and centrifuged at 300 g for 45 min at 25℃ (with acceleration set at 1 and without deceleration). BM mononuclear cells layered at the interphase were collected and washed with DPBS. Cell viability was assessed by trypan blue staining. A total of 1 × 107 cells were seeded into flasks in αMEM basal medium (ThermoFisher Scientific) supplemented with 20% (v/v) FBS and cultured for 48 h at 37℃, 5% CO2. At this point, adherent cells were considered BM mesenchymal stem cells (BM-MSCs) and further expanded in αMEM + 20% (v/v) FBS.

Pericyte sorting
Human BM pericytes (BM-PCs) and stromal cells (BM-SCs) were obtained as previously reported [24, 25]. Once approximately 90% confluent, BM-MSCs were trypsinised and sorted for isolation of PCs. Around 1 × 107 BM cells were resuspended in pre-cooled column buffer containing 0.5% (w/v) BSA and 2 mM EDTA in DPBS, labelled with CD45-conjugated microbeads (Miltenyi) for 15 min at 4℃ before subsequently being sorted by magnetic separation. The CD45-negative cells were then labelled with CD34-conjugated microbeads (Miltenyi), followed by magnet sorting. CD45neg CD34neg cells were labelled with CD146-conjugated microbeads (Miltenyi). The CD34neg CD45neg CD146pos population, collected through immunomagnetic sorting, was considered BM-PCs. The remaining cells (CD45negCD34pos and CD45negCD34negCD146neg populations) were pooled and considered BM-SCs. The purity of BM-PCs was assessed by immunocytochemistry staining (data not shown). Cell lines between passage 3 to passage 6 were used for subsequent experiments.

Oil red O staining
Cells were fixed with 4% PFA w/v for 30 min at RT and washed once with DPBS and 60% v/v isopropanol (Sigma-Aldrich), respectively. Cells were then stained with ORO working solution for 30 min at RT and washed once with 60% v/v isopropanol and distilled water. Brightfield images were taken using 5 x, 10 x and 20 x objectives of a Leica DMi1 light microscope.

Effect of Dasatinib treatment on adipogenic BM cells differentiation
Human BM-PCs and BM-SCs were incubated with the pro-adipogenic medium (1 μmol/L dexamethasone, 0.5 mmol/L isobutylmethylxanthine, 10 μg/mL insulin, and 1 μmol/L indomethacin in DMEM + 10% (v/v) FBS) for 21 days. During this time, with cells in the differentiation media, the protocol included an alternation of 2 days treatment with Dasatinib (1 μM) followed by 3 days without drug to allow cells to recover. Cells treated with an equal volume of DMSO served as a Vehicle group, while an untreated control group was only stimulated with adipogenic differentiation media. After the treatments, the ORO staining was performed to detect the presence of lipids. In addition, RNA was collected for qPCR analysis of relevant mRNAs, cell lysates were harvested for western blotting, and conditioned media were collected for ELISA (see below).

Quantitative PCR
Total RNA was extracted and purified with a miRNeasy Micro kit (QIAGEN). RNA purification was performed as per the manufacturer protocol. RNA concentration was measured using a NanoDrop 2000 Spectrophotometer (ThermoFisher Scientific). A high-capacity RNA-to-cDNA kit (ThermoFisher Scientific) was used to reverse-transcribe RNA to complementary DNA (cDNA), and synthesised cDNA was stored at -20℃. qPCR was performed using TaqMan™ Universal PCR Master Mix (Thermo Fisher Scientific) on a QuantStudio® 5 Real-Time PCR Instrument. The following adipogenesis genes were assessed: peroxisome proliferator-activated receptor gamma (PPARG), fatty acid binding protein 4 (FABP4) and adiponectin (ADIPOQ). Ubiquitin C (UBC) was used as an internal control gene. Change in expression was calculated using the 2−ΔΔCt method [26]. TaqMan probes (ThermoFisher Scientific) are listed in the Supplementary Table 4.

Western blot analysis
Protein expression was assessed by western blot. Membranes were incubated with primary antibodies overnight at 4℃ and subsequently washed with 1x Tris-buffered saline + 0.05% Tween three times (30 min) prior to incubation with secondary antibodies for 1 h at RT (anti-rabbit or anti-mouse HRP; 1: 2000). Chemiluminescence was detected using a ChemiDoc™ MP system with Image Lab™ software (Bio-Rad). Antibodies used for western blot are listed in Supplementary Table 5.

ELISA
ELISA (R&D Systems) was used for detection of FABP4 and adiponectin in the conditioned medium and cell lysates, following the manufacturer protocol. The optical density was measured using a GloMax Microplate reader at 450 nm and background subtracted at 560 nm.


Statistical analysis
Data are presented as individual values and mean ± standard error of the mean (SEM). When applicable, the D’Agostino-Pearson and Kolmogorov-Smirnov normality tests were used to check for data normal distribution. Unpaired analyses were carried out. Continuous variables normally distributed were compared using the Student’s t-test (two groups) or one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests (three groups). Data not normally distributed were compared using non-parametric Mann-Whitney (two groups) or Kruskal-Wallis (three groups) tests, followed by Tukey or Dunn tests as appropriate. Two-way ANOVA was used to compare the mean differences between multiple groups for in vitro experiments with human cells. A p value < 0.05 was considered statistically significant. All analyses used GraphPad Prism 9.4.0 (San Diego, CA, USA).


Results
Short-duration treatment with Dasatinib reduces myocardial lipid content without affecting cardiac function in diabetic mice
In a pilot study, db/db mice were randomly assigned to receiving vehicle (10% DMSO + 90% PEG300) or Dasatinib (5 mg/kg) by gavage every 3 days (n = 4 animals/group) (Fig. 1A). There was no difference in the level of glycosuria and body weight before or after treatment (data not shown). After 1 week, echocardiography analysis documented that the two groups were similar regarding indices of systolic and diastolic function (Fig. 1B-E). Likewise, the active treatment and vehicle groups had similar plasma levels of insulin, IL-6, MCP-1, PAI-1, and resistin (data not shown). Interestingly, the IHC assessment of heart and BM adiposity using ORO staining demonstrated that db/db mice treated with Dasatinib had lower levels of lipids than the vehicle group (Fig. 1F-I). The percent of section area positive for ORO in the heart of the Dasatinib and vehicle group was 10.02 ± 1.32% and 18.65 ± 0.58%, respectively (p = 0.001). Similarly, quantifying ORO-positive cells indicated that the Dasatinib treatment reduced BM adiposity compared with vehicle (12.4 ± 1.8% vs. 25.5 ± 3.6% of microscopic field area, respectively, p = 0.018). Fluorescent microscopy imaging evidenced that Dasatinib did not impact the expression of the senescence marker p16 in the heart and BM of db/db mice (data not shown).
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Fig. 1Short-duration treatment with Dasatinib reduced adiposity in the heart and bone marrow of db/db mice. (A) Cartoon of the experimental protocol. (B-E) Bar graphs showing the data of echocardiography about stroke volume (SV), ejection fraction (EF), cardiac index (CI) and E/A ratio. Illustrative images (F) and quantification (G) of ORO staining of the heart. Illustrative images (H) and quantification (I) of ORO staining of the bone marrow. Bar graphs show individual values and means ± SEM. n = 4 animals per group



Prolonged treatment with Dasatinib reduces myocardial lipid content and improves diastolic function in diabetic mice
Eighteen db/db mice were randomly administered with vehicle (10% DMSO + 90% PEG300) or Dasatinib (5 mg/kg) by oral gavage once per week for four weeks. A control non-diabetic group, NDM CTRL, was evaluated in parallel for reference (Fig. 2A). Measurements of urine glucose levels confirmed the stability of the diabetic status in the Dasatinib and vehicle groups. Moreover, body weight remained stable during the follow-up (Fig. 2B). Echocardiography was performed before termination to assess the cardiac function. Representative echocardiograms for animals in the three groups are shown in Supplementary Fig. 4. Heart rate was similar between groups (Fig. 2C). Compared with NDM CTRL mice, both diabetic groups showed a similar reduction in indexed LV volumes after correction for the respective ventricular mass, which is suggestive of concentric inward LV remodelling (Fig. 2D-H). Moreover, indices of contractility indicated that db/db mice had a preserved systolic function (Fig. 2I-K). Importantly, Dasatinib treatment preserved the diastolic index early (E) /late (A) mitral inflow peak velocity ratio (E/A) that was reduced in the vehicle-treated diabetic mice (p = 0.0274) (Fig. 2L). Non-flow time (NFT), another diastolic index [27], was reduced in vehicle-treated diabetic mice compared with NDM CTRL mice (p = 0.0459). Interestingly, treatment of db/db mice with Dasatinib resulted in significantly improved NFT compared with the vehicle group (p = 0.0107) (Fig. 2M). Other parameters of diastolic function were not affected by the treatment, although isovolumic relaxation time (IVRT) and aortic ejection time (AET) showed the same trend as NFT (Supplementary Fig. 5).
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Fig. 2Prolonged Dasatinib treatment improves diastolic function in db/db mice. (A) Cartoon of the experimental protocol. (B) Body weight values during the follow-up. (C) Heart rate during echocardiography assessment. (D-M) Bar graphs showing the data of echocardiography regarding LV volume in systole (s) before and after correction for the LV mass (D & E), LV volume in diastole (d) before and after correction for the LV mass (F & G), LV mass (H), ejection fraction (I), cardiac output (J), cardiac index (K), E/A ratio (L), and NFT (M). Bar graphs show individual values and means ± SEM. n = 4 to 9 animals per group


The imaging of ORO staining showed the expected lipid accumulation in the heart and BM of diabetic mice, this phenotype being blunted in mice given Dasatinib both at the heart (p = 0.0367) and BM (p = 0.0228) levels (Fig. 3A-D). There was a direct correlation between the abundance of lipids in the two districts (R2 = 0.32, p = 0.022) (Fig. 3E). Moreover, the amount of intramyocardial lipids was inversely correlated with the E/A ratio (R2 = 0.36, P = 0.05) (Fig. 3F). In contrast, Dasatinib did not impact the T2DM-induced enlargement of pericardial, epidydimal, and inguinal white fat pads (Fig. 3G-I). As expected, there was an increase in myocardial interstitial fibrosis in the hearts of diabetic mice given vehicle compared with NDM CTRL mice (p = 0.0038) (Fig. 3J&K). Interestingly, the percentage of tissue area occupied by fibrosis was significantly reduced in the hearts of diabetic animals receiving Dasatinib (p = 0.0456) (Fig. 3J&K).
Altogether, these data indicate that short-duration treatment with Dasatinib exerted protective effects against lipid accumulation in the heart and BM but did not impact white fat deposits. A prolonged treatment was necessary for an improvement in the E/A to occur. Although not necessarily indicative of a cause-effect relationship, myocardial lipid – E/A correlation suggests an association between relief of steatosis and improvement in diastolic function.
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Fig. 3Prolonged Dasatinib treatment reduces lipid content in the heart and bone marrow, and interstitial fibrosis in the heart, of db/db mice. Representative images and bar graphs showing the effect of diabetes and Dasatinib on lipid accumulation in the heart (A & B) and bone marrow (C & D). Correlation between lipid content in the heart and bone marrow (E) and lipid content in the heart and E/A ratio (F). Effect of diabetes and Dasatinib on other fat depots (G-I). Representative Azan Mallory images (blue: fibrosis) and bar graph showing the effect of diabetes and Dasatinib on myocardial interstitial fibrosis (J & K). Bar graphs show individual values and means ± SEM. n = 6 to 8 animals per group


Next, we assessed the senescence levels in the hearts of the three groups. Quantification of p16 immunostaining indicated a lower frequency of the senescence marker in cardiac cells of Dasatinib-treated diabetic mice (7.90 ± 1.43% nuclei) compared with the vehicle-treated group (18.65 ± 3.81% nuclei) (Fig. 4A&B), virtually matching the low expression levels detected in cardiac cells of NDM CTRL mice (6.32 ± 2.84% nuclei). Likewise, the analysis of BM tissue confirmed an increased frequency of cells expressing p16 in vehicle-treated diabetic mice compared with NDM CTRL mice (p = 0.0117) (Fig. 4C&D). Unlike what was observed in the heart, in this case, the levels of cellular senescence were not corrected by Dasatinib treatment.
[image: ]
Fig. 4Prolonged Dasatinib treatment reduces cell senescence in the heart of db/db mice. Representative images (A) and bar chart (B) showing the levels of the senescent marker p16 in the heart, expressed as the percent of positive cells per total nuclei (stained blue by DAPI). Representative images (C) and bar chart (D) showing the level of the senescent marker p16 in the bone marrow. Bar graphs show individual values and means ± SEM. n = 7 to 8 animals per group


We next assessed if Dasatinib reduced the relative abundance and the senescence levels of BM-MSCs, the population that gives raise to adipocytes. Using flow cytometry, we verified that both CD45negCD11bnegCD29pos cells as well as the subfractions that express Sca-1 or CD73 were similarly abundant in the BM of NDM CTRL and T2DM mice and were not modified by Dasatinib (Fig. 5A-E). Looking at function-related markers, BM-MSCs from T2DM mice showed an increased frequency of the scavenger receptor CD36, which reportedly labels cells with an activated senescence-associated secretory phenotype (SASP) [28] (Fig. 5F), and a decreased frequency of DPP4, a regulator of chemokine-induced stem cell mobilization [29], in the Dasatinib group (Fig. 5G). In addition, the fluorescence signalling associated with β-galactosidase, a biomarker of replicative senescence, was upregulated in BM-MSCs of diabetic mice receiving vehicle compared with NDM CTRL mice (Fig. 5H), while there was no difference between the two diabetic groups. The MitoTracker red fluorescence intensity, which labels mitochondria of live cells, was similar between the three groups (Fig. 5I).
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Fig. 5Flow cytometry analysis of mouse bone marrow mesenchymal stem cells. Freshly isolated mouse total bone marrow (BM) cells were analysed by flow cytometry for identifying (A-E) mesenchymal stem cells (MSC) (gating for CD45, CD11b, CD29, Sca-1 and CD73), and next for detecting senescence (gating for CD36 and β-galactosidase Senescence Green) (F&H), mobilization potential (gating for DPP4 (CD26)) (G) and mitochondrial activity in living cells (gating for MitoTracker Deep red) (I). ​The gating strategies consisted of selecting live singlet populations (Ai-Aiii), sorting for CD45negCD11bnegCD29pos MSCs (Aiv-Av), followed by examining the ratio of cell fractions positive for Sca-1, CD73, DPP4, and CD36 (Avi-Avii), and finally detecting the median fluorescence intensity (MFI) of β-galactosidase Senescence Green and MitoTracker Deep red in BM-MSCs. Representative histograms (Bi-Bv) showing markers expression in BM-MSCs (red) and their FMO controls (blue). Fluorescence intensity of β-galactosidase Senescence Green data is displayed on Bi-exponential plots. This is a hybrid scale where it is logarithmic for both positive and negative values until the 1st decade (-10 to + 10) which is displayed as linear. Bar graphs show individual values and means ± SEM. n = 4 to 6 animals per group


Finally, Dasatinib did not contrast any of the T2DM-induced changes in circulating levels of insulin, leptin, MCP-1, or resistin (Fig. 6A-D). The serine protease inhibitor, PAI-1, which is a major target of the TGF-β1/p53 senescence signalling pathway [30], was elevated in vehicle-treated diabetic mice as compared with NDM CTRL mice; in contrast, the Dasatinib-treated group did not differ from the NDM CTRL or T2DM Vehicle groups (Fig. 6E). No effect of T2DM or Dasatinib was observed regarding IL-6 (Fig. 6F). TNFα was not detected in any of the samples.
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Fig. 6Prolonged Dasatinib treatment does not alter the plasma levels of insulin or adipokines in db/db mice. Circulating levels of Insulin (A), Leptin (B), MCP1 (C), Resistin (D), PAI-1 (E), and IL-6 (F). Bar graphs show individual values and means ± SEM. n = 7 to 8 animals per group



Dasatinib blunts the adipogenic differentiation of human bone marrow mesenchymal stem cells
Next, we asked whether Dasatinib affects the adipogenic potential of BM-PCs and BM-SCs. To increase the translational impact, the study was performed on human cells, isolated from remnants of hip reconstruction. Cells were cultured in a pro-adipogenic medium, supplemented with 1 μM Dasatinib or vehicle, for 21 days (n = 4 biological replicates per group). A control group consisted of cells cultured in adipogenic medium without supplements. The ORO staining showed that Dasatinib treatment reduced the number of total cells as well as the capacity of the two cell fractions to differentiate into adipocytes (Fig. 7A). This latter data was confirmed considering either the number of ORO-positive cells per field or the fraction of ORO-positive cells per total cells (Fig. 7B-D). Therefore, Dasatinib could have both senolytic and anti-adipogenic actions.
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Fig. 7Dasatinib inhibits BM adipogenesis in vitro. (A) ORO staining following induction of adipogenesis in the presence of Dasatinib or vehicle. (B) Dasatinib reduces the total number of human bone marrow pericytes and stromal cells. (C-D) Dasatinib reduces adipogenesis either considering the prevalence over total cells or the cell density per microscopic field. Bar graphs show means ± SEM and individual values. n = 4 biological replicates per group


Interestingly, the transcriptional levels of the adipogenesis genes, PPARG and FABP4, increased in Dasatinib-treated BM-MSC populations (Fig. 8A&B). The qPCR results also showed that Dasatinib-treated BM-PCs expressed higher mRNA transcript levels of ADIPOQ (Fig. 8C). Next, we investigated whether the relevant proteins followed a similar trend. We measured secreted FABP4 and ADIPOQ levels in the conditioned medium after adipocyte differentiation. Western blot assessed the expression of PPARɣ in cells under different conditions, normalized by GAPDH. FABP4 was significantly increased in the conditioned medium of cells treated with Dasatinib whereas the level of ADIPOQ remained unchanged (Fig. 8D&E). Furthermore, cellular expression of PPARɣ was also similar among all conditions tested (Fig. 8F&G). High levels of FABP4 reportedly inhibits the expression of PPARɣ to prevent adipocyte differentiation and instead activate apoptosis [30]. These results suggest a potential PPARɣ-FABP4 feedback loop during Dasatinib treatment.
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Fig. 8Effect of Dasatinib on the expression of adipogenesis-related gene transcripts and proteins in human cells. (A-C) Results of qPCR showing a general tendency of Dasatinib-treated cells to have increased mRNA transcripts during induced adipogenesis. (D-G) Protein level for FABP4, but not for ADIPOQ or PPARɣ, is upregulated with Dasatinib. In (G), after normalisation versus GAPDH, PPARɣ levels were expressed as a fold-change versus untreated baseline cells. Bar graphs show means ± SEM and individual values. n = 4 per group




Discussion
The present study confirms the presence of BM adiposity, cardiac steatosis and interstitial fibrosis, and LV remodelling in a murine model of T2DM. Importantly, we demonstrated for the first time that the TKI Dasatinib reduced lipid accumulation in the heart and BM of diabetic mice without affecting other adipose tissue depots or altering glycosuria. Dasatinib also attenuated cardiac fibrosis. Moreover, Dasatinib-treated mice had lower levels of p16 in the heart, suggesting an inhibitory impact of the drug on the senescence signalling pathway. In vitro studies demonstrated that Dasatinib inhibited the viability and adipogenesis commitment of human BM-MSCs.
Enlargement of white fat depots occurs during period of caloric excess and is associated with increased risk for diabetes, insulin resistance, and cardiovascular disease. Visceral fat accumulation is associated with an increased resistance against the anti-lipolytic action of insulin. Accelerated lipolysis in visceral fat leads to free fatty acid mobilisation, resulting in hyperglycaemia and hepatic insulin resistance [31]. In addition, patients with T2DM develop intraparenchymal accumulation of lipids in organs that usually contain minor amounts of fat, with harmful clinical consequences as in the case of metabolic dysfunction-associated fatty liver disease [32].
Less is known about the pathophysiological relevance of fat surrounding and infiltrating the heart. Accumulation of pericardial and epicardial fat, which is a white adipose tissue but displays also brown-fat like or beige fat features, has been associated with an increased risk for HF with preserved ejection fraction, coronary artery disease, and arrhythmias [33–35]. Lipids can also accumulate in cardiomyocytes, as initially shown in explanted hearts of patients with end-stage non-ischemic cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy, and healed myocardial infarction [36]. Obesity and T2DM exacerbate this phenomenon [37]. Significantly, cardiac steatosis can precede, but also contribute to the evolution of diabetic cardiomyopathy into HF [38]. A retrospective study on T2DM patients who underwent cardiovascular computed tomography imaging demonstrated that those with more myocardial lipids had more severe LV systolic and diastolic dysfunction [39]. The circulation represents the primary source of fatty acids that become stored as triglyceride droplets within cardiomyocytes, with epicardial fat representing a secondary source. This latter assumption is based on a reported correlation between epicardial fat volume and myocardial fat content, a combination often associated with higher LV mass, interstitial fibrosis, and worse LV performance in healthy subjects and HF patients [12, 40, 41]. Therefore, reducing lipid accumulation in the heart is an urgent therapeutic target in patients with T2DM. Caloric restriction reportedly reduced myocardial lipid content in non-diabetic obese and T2DM patients [42, 43], whereas pioglitazone or metformin were ineffective [44].
Accumulating evidence suggests that TKI therapy benefits dysmetabolic disease. Imatinib, a first-generation TKI, reportedly preserved β-cell function in adult patients with recent-onset type 1 diabetes [18, 19]. An association therapy of Dasatinib, a second-generation TKI, and the flavonoid Quercetin attenuated adipose tissue inflammation and improved systemic metabolic function in older mice [20]. In addition, this drug combination had senolytic effects in white adipose tissue, as evidenced by a reduction in the expression of senescence-associated β-galactosidase, p16, and p21 [21]. Our study demonstrates that a short-duration treatment with Dasatinib was sufficient to reduce cardiac and BM steatosis. However, the treatment had to be extended to four weeks to observe a benefit on diastolic function. On the other hand, Dasatinib neither reduced classical white fat depots, thus suggesting a distinct action on the heart and BM.
Different mechanisms could be implicated in the observed cardiac benefits. Cardiomyocyte senescence is associated with disruption of the tight balance between lipid availability and oxidation [45, 46]. We have previously shown that anti-aging treatments protect the heart from T2DM-induced damage through subtle modifications in mitochondrial-related proteins and lipid metabolism [10, 47]. Dasatinib may act as a senolytic agent eliminating lipid-bearing senescent cardiomyocytes, as suggested by the reduction in p16 expression, along with an improved metabolic performance of remaining cardiomyocytes. Senolytic agents can alleviate multiple senescence-related phenotypes including activation of local and systemic SASP signalling [48]. However, in our study, Dasatinib therapy of diabetic mice did not alter the plasma levels of inflammatory adipokines [30].
A direct effect of Dasatinib on metabolic pathways is suggested by the previous finding that the TKI protected against glucose intolerance through the upregulation of Peroxisome proliferator-activated receptor gamma coactivator (PGC)-1a expression in white adipose tissue [49]. Induction of (PGC)-1a has anti-fibrotic and cardioprotective effects in T2DM [50]. Additionally, TKIs can improve the anti-lipolytic activity of insulin, thereby reducing the mobilization of free fatty acids from visceral fat depots [23]. In a murine model of non-alcoholic fatty liver disease, Dasatinib reportedly reduced liver steatosis, inflammation, fibrosis, and hepatocellular ballooning, by attenuating lipogenesis, and inducing M2 macrophage polarization with antifibrotic activity [22]. In this latter study, the TKI was given at the dosage of 4 or 8 mg/kg once daily, for four weeks [22]. We preferred to use intermittent treatment schedules to reduce potential toxic effects while preserving clinical efficacy [51].
The fat in the BM is different from the subcutaneous and visceral fat and exists in constitutive and regulated forms. Emerging evidence indicates that fat accumulation in BM may increase the risk of cardiovascular complications [52]. Dasatinib reduced BM adiposity without affecting the relative abundance of MSCs, but attenuating their senescent phenotype, as assessed by flow cytometry detection of β-galactosidase. In addition, Dasatinib impacted the commitment of cultured BM-MSCs to differentiate into adipocytes. Expressional studies showed that inhibition of adipogenesis by Dasatinib was reflected by increased RNA transcripts for PPARG and ADIPOQ genes, whereas protein expression remained unaltered. On the other hand, FABP4 was upregulated at both mRNA and secreted protein levels. Despite the lack of a typical secretory signal peptide, FABP4 is reportedly released from adipocytes in a non-classical pathway associated with lipolysis, possibly acting as an adipokine [53].

Conclusion
Our findings suggest that Dasatinib can help combat heart steatosis and fibrosis. We can only speculate about the mechanisms underlying this benefit, which may involve Dasatinib’s metabolic and senolytic activities. Excess lipogenesis, lipolysis, and insulin resistance concur in altering the balance between energy availability and utilization with toxic consequences for the heart. By alleviating heart and liver steatosis, Dasatinib may exert synergic benefit in obese and diabetic patients. On the other hand, adverse phenomena need to be excluded during protracted exposure. In this respect, intermittent schedules may be preferable. Finally, caution is necessary regarding the diabetes model used in the present study. Furthermore, intraparenchymal fat may differ in quantity and responsiveness to treatment between male and females. A comparative study using other models, such as diabetes caused by a high-fat high-sucrose diet, and both sexes, is mandatory to confirm the findings obtained in male db/db mice.
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