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a b s t r a c t

Diabetic cardiomyopathy (DCM) is a metabolic disease and a leading cause of heart failure among people
with diabetes. Mass spectrometry imaging (MSI) is a versatile technique capable of combining the
molecular specificity of mass spectrometry (MS) with the spatial information of imaging. In this study,
we used MSI to visualize metabolites in the rat heart with high spatial resolution and sensitivity. We
optimized the air flow-assisted desorption electrospray ionization (AFADESI)-MSI platform to detect a
wide range of metabolites, and then used matrix-assisted laser desorption ionization (MALDI)-MSI for
increasing metabolic coverage and improving localization resolution. AFADESI-MSI detected 214 and 149
metabolites in positive and negative analyses of rat heart sections, respectively, while MALDI-MSI
detected 61 metabolites in negative analysis. Our study revealed the heterogenous metabolic profile of
the heart in a DCM model, with over 105 region-specific changes in the levels of a wide range of
metabolite classes, including carbohydrates, amino acids, nucleotides, and their derivatives, fatty acids,
glycerol phospholipids, carnitines, and metal ions. The repeated oral administration of ferulic acid during
20 weeks significantly improved most of the metabolic disorders in the DCMmodel. Our findings provide
novel insights into the molecular mechanisms underlying DCM and the potential of ferulic acid as a
therapeutic agent for treating this condition.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diabetic cardiomyopathy (DCM) is leading cause of death in
patients with chronic diabetes, accounting for over 70% of deaths
due to cardiovascular complications or myocardial infarction [1,2].
Only in 2021, about 6.7 million people aged between 20 and 79
years died from diabetes and its complications. However, despite its
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prevalence, the underlying molecular mechanisms of DCM are not
yet fully understood, and current treatments are limited [3e5].

Metabolites play essential roles inmany cellular processes in the
heart, including energy production, redox balance, signaling, and
gene expression [6]. The concentration of metabolites in different
heart regions may be associated with both normal and pathological
processes. For instance, adenosine triphosphate (ATP) and creatine
phosphate levels vary among different regions of the heart,
reflecting their respective energy demands. The changes in the
levels of amino acids, such as glutamate and taurine, can also affect
the contractile function of cardiomyocytes. The distribution of
metabolites in the heart is a dynamic process influenced by diverse
factors such as age, diet, exercise, and diseases [7]. The alterations
in metabolite distribution are indicators of impaired energy
metabolism and oxidative stress in heart failure, myocardial
infarction, and DCM [5,8]. Therefore, identifying metabolic
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biomarkers with spatial information is essential for understanding
the mechanisms involved in heart diseases and developing effec-
tive diagnostic and therapeutic strategies.

Mass spectrometry imaging (MSI) is a powerful analytical
technique that combines the molecular specificity of mass spec-
trometry (MS) with spatial imaging information, making it an ideal
tool to identify and localize various known and unknown metab-
olites in tissue sections [9e11]. Since its introduction in 1997 by
Caprioli et al. [12], MSI has undergone significant technological
advancements, enabling its use in a wide range of biomedical ap-
plications. Currently, matrix-assisted laser desorption ionization
(MALDI)-MSI and desorption electrospray ionization (DESI)-MSI
are the two most frequently used MSI modalities, with each one
having its unique advantages and disadvantages for imaging me-
tabolites [13,14]. MALDI-MSI can achieve high-sensitivity and high-
spatial resolution (up to 10 mm) imaging of certain metabolites by
optimizing matrix deposition procedures. However, detecting a
broad range of metabolites is challenging for MALDI-MSI due to
matrix interference at less than m/z 500 [15,16]. DESI-MSI is a
promising alternative to MALDI-MSI as it enables “the direct”
detection of small molecules in tissue sections without requiring
complicated matrix deposition processes [17,18]. Furthermore,
ambient air-flow-assisted desorption electrospray ionization
(AFADESI)-MSI offers high sensitivity and broad coverage, enabling
simultaneous visualization thousands of metabolites in an untar-
geted analysis [19]. However, the spatial resolution of DESI-MSI and
AFADESI-MSI is approximately 100 mm, limiting their use in high
spatial resolution MSI analyses [20].

Although promising results have been obtained using MALDI-
MSI and DESI-MSI, studies on metabolites in heart diseases using
MSI are still in their early stages. Menger et al. [21] demonstrated
the involvement of phospholipase A2 and arachidonic acid in acute
myocardial infarction using MALDI-MSI. Similarly, Margulis et al.
[22] identified metabolic signatures of myocardial infarction in
mice by applying machine learning algorithms to DESI-MSI data.
However, due to the vast number and structural diversity of me-
tabolites, the MSI methods used in these studies offered a relatively
limited metabolic coverage. Therefore, comprehensive MSI plat-
forms are needed to provide a more detailed understanding of the
molecular alterations in the heart following DCM and other meta-
bolic heart diseases.

In this study, we reported the development of a sensitive, wide-
coverage, and high spatial resolution MSI approach for mapping
metabolites in the rat heart. The key parameters of the AFADESI-
MSI platform were optimized to detect as many metabolites as
possible. Additionally, MALDI-MSI was utilized to increase meta-
bolic coverage and improve localization resolution. Our method
revealed the metabolic heterogeneity and reprogramming of the
heart in DCM model rats and the intervention effect of ferulic acid,
an anti-myocardial injury drug candidate, on the metabolic land-
scape of the disease. The research strategy is depicted in Fig. 1.

2. Materials and methods

2.1. Chemicals and reagents

High-performance liquid chromatography (HPLC)-grade meth-
anol (MeOH), acetonitrile (ACN), isopropanol (IPA), and ferulic acid
were obtained from Fisher Scientific (Loughborough, UK). HCl was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Ferulic acid, 1,5-diaminonaphthalene (1,5-DAN), citrate,
streptozotocin (STZ), and sodium carboxymethyl cellulose (Na-
CMC) were provided by Sigma-Aldrich (St. Louis, MO, USA). Ultra-
pure water was purchased from Wahaha Co., Ltd. (Hangzhou,
China).
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2.2. Animal model

Six-week-old male Wistar rats weighing 180�200 g were pro-
cured from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) and kept under a controlled 12 h light/dark cycle
with constant temperature (20e26 �C) and humidity (40%e70%).
Rats were given food and water ad libitum. The animals were
randomly divided into two groups, i.e., the control group (n ¼ 8)
and the model group (n ¼ 24), and received normal and high-fat
diets, respectively. After four weeks, the model group received a
single intraperitoneal injection of STZ (35 mg/kg body weight),
while rats of the control group received freshly prepared citrate
buffer (0.1 mol/L, pH 4.4, vehicle). The fasting blood glucose (FBG)
concentrations were measured 5e7 days after administration, and
rats having FBG levels greater than 16.7 mmol/L for three consec-
utive days were considered diabetic and selected for further
studies. The model group animals were randomly divided into
three groups: DCM group (n ¼ 8), low-dose ferulic acid group (L-
ferulic acid, n ¼ 8), and high-dose ferulic acid group (H-ferulic acid,
n ¼ 8). Rats of the L-ferulic acid and H-ferulic acid groups received
intragastric administration of ferulic acid once a day at doses of 50
and 200 mg/kg, respectively. Given its established efficiency for
mitigating oxidative stress and inflammation in various animal
models, the administration of ferulic acid at a dose of 50 mg/kg was
selected. A higher dose of 200 mg/kg was employed to investigate
the dose-dependent effects of ferulic acid on DCM, as supported by
its safety and effectiveness in prior studies [23e25]. The control
group and model control group were treated with 0.5% Na-CMC
(vehicle) at intragastric doses of 10 mL/kg body weight. The
administration of the drug or vehicle continued for 20 weeks, and
the general state of animals was observed daily, while body weight,
food intake, and water intake were measured weekly. FBG levels
were measured every two weeks. At the end of the administration
period, blood samples from the abdominal aorta were collected for
biochemical index detection. Subsequently, heart samples were
harvested, weighed, fixed in liquid nitrogen, and stored at �80 �C.
All animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals and were
approved by the Animal Welfare Ethics Committee of Beijing
United-Genius Pharmaceutical Technology Development Co., Ltd.
(Beijing, China) (Approval No.: TS19100-YX, 2 December 2019).

2.3. Biochemical analysis and histopathological staining

The alanine aminotransferase (ALT), aspartate aminotransferase,
lactate dehydrogenase (LDH), creatine kinase (CK), glucose, and
triglyceride (TG) levels in the blood were measured using the
AU480 automatic chemical analyzer (Beckman Coulter Inc., Brea,
CA, USA). The concentration of HbA1c was measured using the Quo
Test HbA1c analyzer (QUOTIENT Diagnostics Ltd., Walton-on-
Thames, UK).

The heart tissue was fixed in saline solution, embedded in a
cryostat chuck, and then sectioned at a thickness of 10 mm using a
cryostat (Leica CM1860, Microsystems Ltd., Wetzlar, Germany)
at �20 �C. The horizontal short-axis section of the left ventricular
papillary muscle was used for further analyses. The sections were
mounted onto adhesive microscope slides, air-dried at room
temperature, and stained with hematoxylin and eosin (H&E), and
Masson dye. To analyze the histopathological damage, the stained
heart tissue sections were scanned using a digital section scanner
(Ningbo Jiangfeng Bioinformatics Co., Ltd., Ningbo, China). Masson
staining images were analyzed using ImageJ software. Collagen
volume fraction was obtained from ratio of the collagen tissue
areas divided by the whole tissue area within the same micro-
scopic field.



Fig. 1. Research scheme for spatial-resolved metabolic reprogramming in diabetic cardiomyopathy (DCM) using air flow-assisted desorption electrospray ionization (AFADESI) and
matrix-assisted laser desorption ionization (MALDI) integrated mass spectrometry imaging (MSI). MS: mass spectrometry; G-6-P: glucose-6-phosphate; FA: fatty acid; ATP:
adenosine triphosphate; PE: phosphatidylethanolamine; TG: triglyceriol; L-ferulic acid: low-dose ferulic acid (50 mg/kg); H-ferulic acid: high-dose ferulic acid (200 mg/kg); AMP:
adenosine monophosphate; ATP: adenosine triphosphate.
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2.4. Sample preparation for AFADESI- and MALDI-MSI analyses

The frozen heart tissues were sliced into sections with a thick-
ness of 10 mm and mounted onto adhesive microscope slides and
indium tin oxide (ITO) coated glass slides. The sections were then
stored at �80 �C until analysis. Prior to AFADESI- and MALDI-MSI
analysis, all sections were vacuum-dried for 30 min.

The MALDI matrix was sprayed directly onto the tissue surface
using an automated spray device (TM-Sprayer, HTX Technologies,
Carrboro, NC, USA). The matrix solution of 1,5-DAN hydrochloride
and 2,5-dihydroxybenzoic acid was prepared according to the
literature procedure [26]. The details of preparation steps of matrix
and spraying parameters are provided in the Supplementary data.

2.5. AFADESI- and MALDI-MSI analyses of heart tissue sections

A laboratory-built AFADESI-MS platform consisting of an AFADESI
ambient ion source and a Q-OT-qIT hybrid mass spectrometer (Orbi-
trap Fusion LumosThermoFisher Scientific Inc., San Jose, CA, USA)was
designed for AFADESI-MSI analysis. Mass data were acquired in pos-
itive andnegative ionizationmodeswith a scan rangeof 100e1,000Da
and mass resolution of 120,000 full width at half maximum (FWHM)
atm/z 200. The capillary temperaturewas set at 350 �C, and the spray
voltagewas ±3 kV. AMeOH:H2O (8:2, V/V) spray solvent was selected
for the AFADESI-MSI analysis, and the flow rate was set to 7 mL/min.
The pressure of the spray gas (N2) was 0.6MPa, and the extracting gas
flow rate was 45 L/min. The heart tissue sections were scanned at a
moving speed of 0.16 mm/s in the x-step, and the vertical y-step was
0.2 mm. The distance and angle between the sprayer and the tissue
slice and between the sprayer and the transfer tube were adjusted to
obtain highest signal intensity. Data were acquired using the Xcalibur
software (Version 4.0, Thermo Scientific Inc.).

The MALDI-MSI experiments were conducted on an Autoflex
Speed MALDI time-of-flight (TOF)/TOF mass spectrometer (Bruker
Daltonics, Billerica, MA, USA) equipped with a 2,000-Hz solid-state
Smartbeam Nd:YAG solid-state laser (l ¼ 355 nm) (Azura Laser AG,
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Berlin, Germany). Mass data were acquired in scanning mode from
m/z 80e1,000 Da in negative ion reflection mode, with a spatial
resolution of 50 mm. High-resolution MSI data were collected at a
spatial resolution of 10 mm in positive and negative ion reflection
modes. The laser spot size was set to “small”, and the laser power
was optimized at the beginning of each operation and then
remained unchanged throughout the experiment. External stan-
dards were used for quality calibration before each data acquisition.
Data acquisition was conducted using FlexAnalysis 3.4 and Flex-
Imaging 4.1 software (Bruker Daltonics).

2.6. Data processing and analysis

AFADESI-MSI data were processed and analyzed by the proced-
ure described below. First, original data files in .raw format were
converted to .cdf files using Xcalibur software. Subsequently, files
were imported into imaging software (MassImager 2.0, Beijing,
China) to reconstruct the ion image. Next, the background imagewas
subtracted, and regions of interest were manually drawn by
matching H&E-stained images of adjacent heart slices. The average
ion intensity of the marked area was then obtained, and two-
dimensional data matrices were generated in .txt format (m/z, in-
tensity). Datawere imported toMarkerview 1.2.1 (AB SCIEX, Toronto,
Ontario, Canada) for background subtraction, peak extraction, and
alignment. To ensure data reliability and reproducibility, only ions
with intensity higher than 100 a.u. in at least 50% of the samples in
one group were included in further analyses. The relative ion in-
tensities were obtained by normalization using total ion current
(TIC). The Student's t-test analysis was performed between the
control group and the DCM group and between themodel group and
the ferulic acid-treated group, respectively, to identify differential
metabolites associatedwithDCM and the therapeutic effect of ferulic
acid. A statistically significant difference was defined as P < 0.05.

MALDI-MSI data were imported to SCiLS software 2016b (SCiLS,
Bremen, Germany) for image reconstruction, peak extraction, and
alignment. The resulting MS data were normalized using TIC to



Fig. 2. The histogram of (A) heart weight, (B) heart/body weight ratio, (C) collagen volume fraction (CVF), (D) Masson staining images of whole heart sections, and (E) hematoxylin
and eosin (H&E) and Masson staining images of 20-fold magnification in the control, diabetic cardiomyopathy (DCM), low-dose ferulic acid (50 mg/kg) (L-ferulic acid), and high-
dose ferulic acid (200 mg/kg) (H-ferulic acid) groups. H&E staining images (ieiv) and Masson staining (veviii) images of local cardiac tissue in the control, DCM, L-ferulic acid, and
H-ferulic acid groups. H&E staining image (ixexii) and Masson staining image (xiiiexvi) of heart perivascular tissue in control, DCM, L-ferulic acid, and H-ferulic acid groups.
*P < 0.05 and **P < 0.01, as compared to the control group;

:
P < 0.05, as compared to the DCM group (mean ± standard deviation, n ¼ 8).
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obtain the relative intensity of ion signals in the region of interest.
Statistical analysis was performed using the same methods as for
the AFADESI-MSI analysis. A significance level of P < 0.05 was used
for statistical tests.
2.7. Liquid chromatography (LC)-MS/MS analysis

The LC-MS/MS analysis of heart tissue homogenates was per-
formed in positive and negative ionization modes with a Q-OT-qIT
hybrid mass spectrometer (Orbitrap Fusion Lumos, Thermo Fisher
Scientific Inc.) connected to an UltiMate 3000 series HPLC system
(Thermo Fisher Scientific Inc.). The procedure for sample prepara-
tion and instrumental parameters for LC-MS/MS analysis are pro-
vided in the Supplementary data.
2.8. Metabolite identification

The identification of metabolites structures was performed
according to previously described protocols [27,28]. Initially,
possible element compositions for each ion were estimated using
Xcalibur 4.0 (Thermo Fisher Scientific Inc.) based on its exact mass
1499
(expected mass accuracy < 5 ppm) and isotope patterns. These
ions were then matched against The Human Metabolome Data-
base (HMDB) (http://hmdb.ca/) [29], METLIN (http://metlin.
scripps.edu/) [30], LIPID MAPS (www.lipidmaps.org) [31], and a
home-made metabolite library [19] to find possible metabolites.
The structures of metabolites were confirmed through high-
resolution on-tissue AFADESI-MS/MS analysis performed on
heart sections, as well as LC-MS/MS analysis of heart tissue
homogenates.
3. Results and discussion

3.1. Physiological, biochemical, and histopathological analyses

We observed that the DCM group exhibited lower body weight
and food intake and higher water intake than the control group
(Fig. S1). As shown in Fig. S2, blood biochemical indicators revealed
that glucose and HbA1c levels in the DCM group were significantly
increased compared with the control group. TG, LDH, and CK levels
were slightly increased, and ALT level was significantly increased in
the DCM group. After treatment with ferulic acid, the H-ferulic acid

http://hmdb.ca/
http://metlin.scripps.edu/
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http://www.lipidmaps.org
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group exhibited a higher body weight and food intake and lower
water intake than non-treated rats. Furthermore, the H-ferulic acid
group showed a slight decrease in the blood levels of glucose,
HbA1c, TG, ALT, and CK.

tAs shown in Fig. 2, the heart weight and heart-to-body weight
ratio were significantly higher in the DCM group than in the
control group. The histological examination of the heart tissues
stained with H&E and Masson dye revealed pathological lesions
including myocardial cells hypertrophy, inflammatory cells infil-
tration, myocardial fibrosis, and proliferation of extravascular
collagen fibers in the DCM group. After treatment with ferulic
acid, the heart-to-body weight ratio decreased significantly, and
the heart histological lesions were ameliorated in the H-ferulic
acid group.

The physiological, biochemical, and histopathological charac-
teristics observed in rats of the DCM group are consistent with the
clinical features of DCM, thereby evidencing that the animal model
was successfully developed. Furthermore, our findings suggest that
the treatment with high doses of ferulic acid has a beneficial effect
on myocardial injury in diabetic animals.
Fig. 3. Mass spectrometry images (MSIs) of representative metabolites total ion current inten
(AFADESI)-MSI analysis of consecutive heart tissue sections using different (A) spray solven
ACN: acetonitrile; MeOH: methanol; IPA: isopropanol; FA: fatty acid; AMP: adenosine mon
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3.2. Optimization of the AFADESI-MSI method

We optimized the AFADESI-MSI platform parameters to
enhance the metabolites detection and obtain high-quality MS
images. The spray solvent significantly affects metabolite desorp-
tion and ionization in biological tissues. We analyzed adjacent
tissue sections from the same rat heart to investigate the effects of
spray solvent composition and flow rate on sensitivity and spatial
resolution. Five commonly used spray solvents, namely, MeOH:H2O
(8:2, V/V), MeOH:IPA:H2O (4:4:2, V/V/V), ACN:H2O (8:2, V/V),
ACN:IPA:H2O (4:4:2, V/V/V), and IPA:H2O (8:2, V/V), were evaluated.
Our results revealed that MeOH:H2O (8:2, V/V) shows the highest
ion response intensities and produces the optimal MS images
(Figs. 3A and S3A). Next, flow rate of the spray solvent at 5 and 7 mL/
minwere compared. We found that a flow rate of 7 mL/min resulted
in higher MS response intensities for most of the representative
ions (Figs. 3B and S3B). Therefore, MeOH:H2O (8:2, V/V) at 7 mL/min
was selected for subsequent AFADESI-MSI analysis.

The scanning speed is another important parameter affecting
sensitivity and spatial resolution in AFADESI-MSI analysis. We
sity detected through the negative air flow-assisted desorption electrospray ionization
t compositions, (B) flow rate of spray solvent, and (C) scanning speed of spray solvent.
ophosphate; LysoPE: lysophosphatidylethanolamine.
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compared the scanning rate of 0.16 and 0.2 mm/s in the x-direction,
and found that a canning rate of 0.16 mm/s produced higher MS
response intensities and better MS images (Figs. 3C and S3C). Other
parameters of the AFADESI-MSI platform were set to provide
optimal response to endogenousmetabolites in heart tissues, based
on our previous work [27].

3.3. AFADESI-MSI and MALDI-MSI analyses

The heart is highly heterogeneous organ and can be subdivided
into various regions according to anatomical structure, cellular
composition, and physiological function. In this study, we trans-
versely sectioned rat hearts at the ventricular level to expose the
left and right ventricles as distinct chambers (Fig. 4). AFADESI-MSI
andMALDI-MSI analyses of heart sections in control, DCM, L-ferulic
acid, and H-ferulic acid groups were performed. The positive and
negative AFADESI-MS analyses of heart sections detected 2,061 and
1,216 ion features, respectively, fromwhichwe putatively identified
214 and 159 metabolites (Tables S1 and S2). Additionally, the
negative MALDI-MS analysis detected 177 ion features, fromwhich
60 metabolites were putatively identified (Table S3).

Our results show that these metabolites exhibited a heteroge-
neous distribution across the heart sections (Fig. 4). Choline, for
example, exhibited abundant distribution across sections, showing
the highest density in the right ventricle. L-carnitine, creatine,
glucose-6-phosphate (G-6-P), adenosine diphosphate (ADP), and
ATP were mainly distributed in the myocardium of the left
ventricle. Moreover, L-carnitine C16:1, phosphocholine (PC (36:2)),
linoleic acid (FA (18:2)), lysophosphatidylethanolamine (LysoPE
(18:2)), glutathione (GSH), ascorbic acid, inosine monophosphate
(IMP), and PE (38:1) were abundantly distributed in the myocar-
dium of both the right and left ventricles. In contrast, L-carnitine
2:0, coenzyme Q9, inosine, LysoPE (22:4), and PE (40:6) showed
higher concentrations in the outer layer of the heart. An unknown
metabolite with m/z 286.0608 was mostly distributed in the
endomyocardium. Interestingly, glycerides such as mono-
acylglycerol (MG (18:1)), diacylglycerol (DG (36:2), DG (36:1-O)),
and TG (36:0) accumulated in the right ventricle, while phospha-
tidylinositol (PI (38:4)) and PE (P-38:5) were mainly concentrated
in the outer layer of the right ventricle. Additionally, glucose, Naþ,
and Kþ were mainly present in the residual blood in the ventricular
cavity. These findings reveal substantial spatial heterogeneity in the
metabolic activity within the heart, and the non-uniform distri-
bution of these metabolites suggests that they may play a role in
maintaining distinctive structural and functional characteristics of
heart regions. Furthermore, these metabolites could be used as
specific structure markers to guide the investigation of local
metabolic activity in the heart.

To identify metabolites involved in DCM, a comparison of local
metabolic profiles was performed between the heart tissues of the
control and DCM groups. Using an independent Student's t-test
with P < 0.05, we identified 24 differential metabolites in the
positive AFADESI-MSI analysis and 60 differential metabolites in
the negative AFADESI-MSI analysis (Tables S4 and S5). Additionally,
we identified 35 discriminatingmetabolites in the negativeMALDI-
MSI analysis, and 14 of them were consistent with those identified
by the AFADESI-MS analysis, including ascorbic acid, glucose,
ribose-5-phosphate (R-5-P), G-6-P, glutamine, palmitic acid (FA
(16:0)), stearic acid (FA (18:0)), oleic acid (FA (18:1)), FA (18:2),
arachidonic acid (FA (20:4)), PE (38:6), PE (38:5), PE (40:6), and
phosphatidylserine (PS (40:6)) (Table S6). The multiple alterations
in these specific metabolites are shown in Fig. S4.

High spatial resolution (10 mm) MALDI-MSI guided by Masson's
staining was performed to determine the specific distribution of
differential metabolites identified by AFADESI- and MALDI-MSI
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analyses in pathological micro-regions. The levels of these metab-
olites were significantly different between normal and diseased
areas of the myocardial tissue characterized by collagen fiber
accumulation, as shown in Fig. 5. For instance, GSH (m/z 306.0752)
was mainly observed in the lesion area (Fig. 5C), while adenosine
monophosphate (AMP, m/z 346.0552) was predominantly present
in the non-lesion area (Fig. 5B). Additionally, we noted significant
accumulation of Naþ, taurine, glutamine, glucose, inosine, choline,
PC (34:2), and PC (36:2) in the lesion area compared to the non-
lesion area. These findings provide further insights into the role
of these metabolites in the pathogenesis of DCM.

3.4. Spatial-metabolic alterations in DCM

The discriminating metabolites associated with DCM spanned a
range of metabolite classes, including carbohydrates, amino acids,
organic acids, nucleotides and their derivatives, choline, poly-
amines, carnitine, fatty acids and their derivatives, phosphate
compounds, metal ions, and vitamins. This diversity suggests that
significant changes in the metabolic profile occur in the hearts of
diabetic rats. To gain insight into the metabolic pathways involved
in DCM, we performed metabolic pathway enrichment analysis
using MetaboAnalyst 4.0. As shown in Fig. S5, we identified 27
metabolic pathways closely related to DCM with an impact
value > 0.

The spatial distribution and changes of the metabolites involved
in glucosemetabolism are shown in Figs. 6 and S6. Themyocardium
has a high energy demand due to the continuous rhythmic cardiac
contraction and relaxation [32]. Studies have shown that the hu-
man heart consumes the most energy per gram of tissue compared
to other organs, utilizing approximately 6 kg of ATP per day, which
is about 20 times its own weight [33,34]. Under normal physio-
logical conditions, approximately 95% of the total energy generated
by the heart is through mitochondrial oxidative phosphorylation of
fatty acids and glucose. In this study, glucose levels were signifi-
cantly decreased in the hearts of diabetic rats, especially in the left
ventricular myocardium. In addition, intermediate metabolites
involved in glucose metabolism, such as G-6-P, glyceraldehyde-3-
phosphate (G-3-P), and R-5-P, were also decreased in the diabetic
heart. These results could potentially be related to the impaired
glucose uptake in the heart in the diabetic state, which might be a
consequence of insulin resistance or impaired insulin signaling
pathways.

Multiple metabolites involved in the tricarboxylic acid (TCA)
cycle were found changed significantly in the DCM group (Figs. 6
and S6). Compared to the control group, the DCM group exhibi-
ted significantly reduced levels of succinic acid, malic acid, gluta-
mate, and glutamine in the heart. Succinic acid and malic acid are
intermediates of the TCA cycle and are crucial for energy produc-
tion. Succinic acid is a substrate of succinate dehydrogenase (SDH),
an enzyme involved in the mitochondrial electron transfer chain
[35,36]. Additionally, succinic acid exhibits antioxidant properties
and protects the heart against oxidative stress-induced damage
[37]. Therefore, the decrease in the levels of succinic acid and malic
acid in the DCM group indicates altered SDH activity and mito-
chondrial dysfunction in diabetic rat heart, which could lead to
insufficient ATP production and impaired cardiac function. Gluta-
mate is an amino acid that can be synthesized from alpha-
ketoglutarate, an intermediate of the TCA cycle [38]. Glutamine is
an amino acid synthesized from glutamate. Glutamate and gluta-
mine play a role in the generation of nitric oxide, which can
modulate the autonomic nervous system and influence heart rate
and contractility [39,40]. Decreased levels of glutamate and gluta-
mine have been associated with various cardiovascular diseases,
such as heart failure and myocardial infarction.



Fig. 4. Ion images of representative metabolite ions in positive and negative modes in air flow-assisted desorption electrospray ionization (AFADESI)- and matrix-assisted laser
desorption ionization (MALDI)-mass spectrometry imaging (MSI). (A) Structure diagram of rat heart: transverse section (i), hematoxylin and eosin (H&E) stain (ii), and structure
diagram of rat heart (iii). (B, C) Ion images of representative metabolite ions in positive (B) and negative (C) modes in AFADESI-MSI. (D) Ion images of representative metabolite ions
in negative modes in MALDI-MSI. RV: right ventricle; LV: left ventricle. MG: monoacylglycerol; PC: phosphocholine; DG: diacylglycerol; G-6-P: glucose-6-phosphate; PI: phos-
phatidylinositol; FA: fatty acid; ADP: adenosine diphosphate; PE: phosphatidylethanolamine; LysoPE: lysophosphatidylethanolamine; TG: triglyceriol; IMP: inosine mono-
phosphate; ATP: adenosine triphosphate.
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We observed that fatty acid metabolism in the DCM group was
significantly different when compared to the normal group
(Figs. 7, S7, and S8). A significant accumulation of long-chain
saturated and monounsaturated fatty acids such as FA (16:0), FA
1502
(18:0), arachidic acid (FA (20:0)), behenic acid (FA (22:0)), ligno-
ceric acid (FA (24:0)), and FA (18:1) was observed in heart tissues
of diabetic rats, particularly in the myocardium. This is consistent
with the fact that uptake and utilization of glucose by myocardial



Fig. 5. High-resolution matrix-assisted laser desorption ionization (MALDI)-mass spectrometry imaging (MSI) image of lesion micro-area. (A) Masson staining image of heart tissue
section. (B�D) Ion images of adenosine monophosphate (AMP) at m/z 346.0552 (B), glutathione (GSH) at m/z 306.0752 (C), and merged image (D). (E) Ion image of Naþ at m/z
92.9282 (i), taurine at m/z 124.027 (ii), glutamine at m/z 145.0621 (iii), glucose at m/z 215.0331 (iv), inosine at m/z 267.0737 (v), choline at m/z 104.1070 (vi), phosphocholine (PC
(34:2)) at m/z 796.5253 (vii), and PC (36:2) at m/z 824.5566 (viii).
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cells is limited in diabetes, which forces the heart to rely on other
sources of energy, such as fatty acids. The fatty acids detected in
this study are the most abundant in the human body and serve as
the primary energy source to meet the high energy demands of
Fig. 6. Ion images of mass spectrometry imaging (MSI) analysis of metabolites involved in
(DCM) groups. G-6-P: glucose-6-phosphate; G-3-P: glyceraldehyde-3-phosphate; R-5-P: rib
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the heart. However, fatty acids accumulation may be associated
with detrimental health effects (e.g., inflammation, insulin resis-
tance, and oxidative stress), contributing to cardiac dysfunction
[41e43].
glucose metabolism pathways in the heart in the control and diabetic cardiomyopathy
ose-5-phosphate.



Fig. 7. Ion images of air flow-assisted desorption electrospray ionization (AFADESI)-mass spectrometry imaging (MSI) analysis of metabolites involved in lipid metabolism in the
heart in rats of the control and diabetic cardiomyopathy (DCM) groups. FA: fatty acid; PC: phosphatidylcholine.
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In contrast to long-chain saturated and monounsaturated fatty
acids, seven polyunsaturated fatty acids (PUFAs) including hex-
adecadienoic acid (FA (16:2)), FA (18:2), linolenic acid (FA (18:3)),
eicosadienoic acid (FA (20:2)), arachidonic acid (FA (20:4)), eico-
sapentaenoic acid (FA (20:5)), and docosahexaenoic acid (FA (22:6))
in heart sections of diabetic rats were significantly lower than in
normal control rats. PUFAs are crucial for maintaining membrane
fluidity and regulating cardiac inflammation [44,45]. In diabetes,
the enzymes and metabolic pathways involved in PUFA synthesis
can be impaired, reducing the conversion of precursor fatty acids
into PUFAs. Furthermore, oxidative stress and inflammation in
diabetes can alter the enzymes required for converting precursor
fatty acids into PUFAs. Given the role of PUFAs in regulating cardiac
inflammation, it is unsurprising that their down-regulation has
been associated with cardiovascular disease [46].

Our study showed that the fatty acyl-carnitine metabolism in
the DCM group was significantly different when compared to the
normal group (Figs. 7 and S7). Short-chain acyl carnitines, including
L-carnitine C2:0 and L-carnitine C4:0, was significantly lower in the
1504
DCM group than in the control group. In contrast, long-chain acyl
carnitines, including L-carnitine C12:0, L-carnitine C16:0, L-carnitine
C16:1, and L-carnitine C18:1, were significantly higher in the DCM
group than in the control group. Fatty acyl-carnitines are crucial
intermediates in the transport of fatty acids into mitochondria for
oxidation. The formation of fatty acyl-carnitines allows fatty acid
molecules to cross the mitochondrial membrane and enter the
mitochondria to be oxidized for energy production [47,48]. This is
achieved when a carnitine molecule binds to a fatty acid. The
accumulation of long-chain fatty acyl-carnitine and the reduction
of short-chain acyl-carnitine in diabetic rats suggest inefficient
oxidation of fatty acids by the mitochondria, which could be due to
a variety of factors, including insufficient oxygen supply and
mitochondria dysfunction [49].

Phospholipids are essential for structure and function of the
heart. These molecules play a critical role in many cellular pro-
cesses, including cell membrane formation, signaling, energy
metabolism, and protection against oxidative stress [50e53]. In
diabetic rat hearts, we observed significant alterations in the



Fig. 8. Ion images of (A) air flow-assisted desorption electrospray ionization (AFADESI)- and (B) matrix-assisted laser desorption ionization (MALDI)-mass spectrometry imaging
(MSI) of metabolites involved in nucleotide metabolism in the heart in rats of the control and diabetic cardiomyopathy (DCM) groups. AMP: adenosine monophosphate; IMP:
inosine monophosphate; ADP: adenosine diphosphate; ATP: adenosine triphosphate.
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localization of PC, PE, PI, phosphatidylglycerol (PG), phosphatidic
acid (PA), PS, and sphingomyelin. Our findings demonstrate that PC
(34:2) and PC (36:2) were significantly elevated in the myocardium
of diabetic rats. The high-resolution MALDI-MSI analysis revealed
Fig. 9. Ion images of (A) air flow-assisted desorption electrospray ionization (AFADESI)- an
(MSI) of metabolites involved redox and ion homeostasis in the heart in rats of the contro
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that these phospholipids show higher abundance in fibrotic lesions
than in adjacent normal cardiac tissues (Fig. 5). These findings
suggest that changes in the levels of multiple phospholipids may be
involved in the pathogenesis of DCM. Although the role of PC in
d (B) matrix-assisted laser desorption ionization (MALDI)-mass spectrometry imaging
l and diabetic cardiomyopathy (DCM) groups.
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cardiac fibrosis is not yet fully understood, previous research has
linked PC accumulation in fibrotic lesions to increased oxidative
stress and inflammation in other organs including the liver and
lungs [54,55]. Therefore, it is plausible that similar mechanisms
may be involved in the pathogenesis of DCM. Further studies are
needed to determine the biological mechanisms by which these
phospholipids contribute to DCM.

In the DCM group, we observed significant alterations in the
levels and spatial distribution of eight metabolites involved in ATP
metabolism (Figs. 8 and S9). In this group, a significant increase in
ATP, ADP, IMP, and uridine levels, as well as a significant decrease in
AMP, xanthine, cytidine, and inosine levels were detected.
Although ATP is a well-known energy molecule, the underlying
mechanism that regulates its levels in diabetes has not been fully
understood. Elevated ATP levels may initially compensate for
metabolic disturbances, but sustained increased levels can lead to
detrimental outcomes (e.g., cardiac hypertrophy and fibrosis). AMP,
a precursor for ATP and a key regulator of AMP-
activated protein kinase (AMPK), plays a crucial role in maintaining
energy homeostasis [56,57]. The high-resolution MALDI-MSI anal-
ysis revealed that the AMP level in fibrotic diabetic heart tissues
was lower than in adjacent normal tissues, suggesting that AMP
may be involved in the pathological progression of fibrosis. The
significantly lower AMP/ATP ratio in DCM rats than in control rats is
associated with increased ATP and decreased AMP levels. This may
inhibit AMPK activity, leading to mitochondrial dysfunction,
potentially contributing to the occurrence and progression of DCM.

We also observed significant changes in the levels of metabolites
involved in oxidative stress (Figs. 9 and S10). Ascorbic acid (vitamin
C) and creatine levels were significantly lower in diabetic rats than
in the control ones. In contrast, GSH, taurine, and choline levels
were significantly higher in the DCM group than in the control
group, especially in the myocardium. Ascorbic acid is a potent
antioxidant that helps protect cells from oxidative damage, and its
decreased levels may contribute to cardiovascular complications in
diabetes [58,59]. Creatine is not an antioxidant, but may help
reduce oxidative stress and promote cellular energy metabolism by
activating CK and recycling ADP [60]. Increased levels of GSH,
taurine, and choline levels have not been consistently reported in
diabetic hearts. Indeed, some studies have found decreased con-
centrations of GSH, taurine, and choline can increase oxidative
stress in diabetic hearts and contribute to the development of DCM.
However, it has been suggested that taurine, GSH, and choline
levels may increase in the early stages of diabetes as a compensa-
tory mechanism to counteract excessive oxidative stress [61e63].
The discrepancy between the findings of previous studies suggests
that the antioxidant cardiac system is complex, and redox ho-
meostasis can be significantly altered in the diabetic state.

Our study revealed that the levels and distribution of Naþ and
Kþ were significantly altered in the hearts of diabetic rats (Figs. 9
and S10). We found that Naþ and Kþ levels in the DCM group
were higher than in the control group. Several transporters,
including Naþ/Kþ-ATPase, Naþ-glucose cotransporter, and Naþ-Hþ

exchanger, are responsible for maintaining sodium and potassium
gradients across the cell membrane [64]. The increased Naþ and Kþ

levels in the hearts of rats in DCM group suggest that hyperglyce-
mia may affect the activity of ion transporters on the cell
Fig. 10. Metabolic regulatory effects of ferulic acid on diabetic cardiomyopathy (DCM). (A) Si
images of air flow-assisted desorption electrospray ionization (AFADESI)- and matrix-assiste
with significant improvement after ferulic acid treatment. FA: fatty acid; PAHSA: palmitic a
PC: phosphatidylcholine; PS: phosphatidylserine; PE: phosphatidylethanolamine; PG: ph
GLUT4: glucose transporter type 4; G-3-P: glyceraldehyde-3-phosphate; Acyl-CoA: acyl-coen
tricarboxylic acid; ATP: adenosine triphosphate; ADP: adenosine diphosphate; GTP: guanos
IMP: inosine monophosphate; L-ferulic acid: low-dose ferulic acid (50 mg/kg) group; H-fer
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membrane. The imbalance of ion homeostasis may contribute to
cardiac hypertrophy and increase the risk of arrhythmia and heart
failure in DCM [65].

3.5. Metabolic regulatory effects of ferulic acid on DCM

Ferulic acid, a natural compound found in various plant-based
foods and Chinese herbs, possesses a wide range of pharmacolog-
ical properties, including anti-inflammatory, antioxidant, anti-
cancer, and vasodilatory activities [66]. Recent studies have
demonstrated that ferulic acid has therapeutic potential for treat-
ing metabolic syndromes, including diabetes, hyperlipidemia, hy-
pertension, and obesity [67]. We observed that 20 weeks of
repeated administration of ferulic acid at a high dose (200 mg/kg)
significantly restored the altered levels of metabolites in the hearts
of diabetic rats (Figs. 10, S11, and S12). Physiological, biochemical,
and histopathological assays confirmed the therapeutic effects of
ferulic acid on DCM. Ferulic acid improved energy metabolism by
reversing the accumulation of FA (16:0), FA (18:0), FA (20:0), FA
(22:0), FA (24:0), and FA (18:1), increasing ATP levels, and reducing
G-3-P, malic acid, and AMP levels. Moreover, ferulic acid reversed
the inflammatory state of diabetic rat hearts by normalizing the
altered levels of multiple lipids, such as FA (16:2), FA (18:2), FA
(20:2), FA (20:4), FA (20:5), and FA (22:6). Additionally, ferulic acid
may restore ion homeostasis in diabetic rat hearts by reducing Naþ

levels. Interestingly, ferulic acid also exerted anti-fibrotic effects by
reducing the accumulation of PC (34:2) and PC (36:2) in fibrotic
lesions (Table S7).

The therapeutic effects of ferulic acid on DCM are likely asso-
ciated with its ability to modulate many cellular processes,
including oxidative stress, inflammation, and fibrosis. Ferulic acid
can activate AMPK, a key regulator of energy metabolism. AMPK
promotes glucose uptake, increases fatty acid oxidation, and stim-
ulates mitochondrial biogenesis, which can improve energy
metabolism in various tissues, including the heart [68,69]. More-
over, ferulic acid-mediated AMPK activation may also be associated
with anti-inflammatory and antioxidant activities, as it can inhibit
the production of pro-inflammatory cytokines and induce the
expression of antioxidant enzymes. Furthermore, ferulic acid can
modulate the activity of the Naþ/Kþ-ATPase, enhancing in cardiac
function, reducing in oxidative stress, and preventing myocardial
damage in diabetic hearts. Further studies are needed to fully
elucidate the underlying cardioprotective effects of ferulic acid and
optimize the dosage and treatment duration in clinical settings.

Overall, our results show that ferulic acid exerts its therapeutic
effects on DCM by improving energy metabolism, reducing lip-
otoxicity, regulating inflammatory state, and restoring ion balance.

4. Conclusion

We developed a sensitive, wide-coverage, and high-spatial-
resolution MSI approach for mapping metabolites in rat hearts
using AFADESI-MSI and MALDI-MSI. Our method successfully
identified over 300 metabolites, providing a comprehensive visu-
alization of the metabolic heterogeneity in the heart, metabolic
reprogramming in a DCM animal model, and the beneficial effects
of ferulic acid on this disease. To our knowledge, this study is the
mplified overview of regulation of ferulic acid on metabolic disturbance in DCM. (B) Ion
d laser desorption ionization (MALDI)-mass spectrometry imaging (MSI) of metabolites
cid-hydroxystearic acid; OAHSA: oleic acid-hydroxystearic acid; PA: phosphatidic acid;
osphatidylglycerol; PI: phosphatidylinositol; LysoPE: lysophosphatidylethanolamine;
zyme A; CPT1: carnitine palmitoyltransferase 1; Acetyl-CoA: acetyl-coenzyme A; TCA:
ine triphosphate; AMP: adenosine monophosphate; GMP: guanosine monophosphate;
ulic acid: high-dose ferulic acid (200 mg/kg) group.
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first to examine the alterations and spatial distribution of endog-
enous metabolites in the heart under diabetic conditions. We
identified over 100 metabolites associated with DCM and revealed
their heterogeneous distribution across the heart sections and
lesion area. Our findings suggest that region-specific impairments
in glucose metabolism, lipid metabolism, nucleotide metabolism,
and redox and osmotic homeostasis may contribute to the patho-
genesis of DCM. Our results demonstrate that repeated oral
administration of 200 mg/kg of ferulic acid for 20 weeks signifi-
cantly reversed most of these metabolic disorders, especially the
alterations in the metabolism of lipids. Our study provides critical
insights into the molecular pathology of DCM and the effects of
ferulic acid on this disease, highlighting the potential of the AFA-
DESI- and MALDI-MSI approach for applications in heart diseases.
The metabolites identified in this study warrant further investiga-
tion as potential novel tissue-specific biomarkers for the diagnosis
and treatment of DCM.
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