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MALDI-IMS as a Tool to Determine the Myocardial
Response to Syndecan-2-Selected Mesenchymal Stromal
Cell Application in an Experimental Model of Diabetic
Cardiomyopathy

Kathleen Pappritz,* Oliver Klein, Fengquan Dong, Nazha Hamdani, Arpad Kovacs,
Lisa O’Flynn, Steve Elliman, Timothy O’Brien, Carsten Tschöpe, and Sophie Van Linthout*

Purpose: Mesenchymal stromal cells (MSC) are an attractive tool for
treatment of diabetic cardiomyopathy. Syndecan-2/CD362 has been identified
as a functional marker for MSC isolation. Imaging mass spectrometry (IMS)
allows for the characterization of therapeutic responses in the left ventricle.
This study aims to investigate whether IMS can assess the therapeutic effect
of CD362+-selected MSC on early onset experimental diabetic
cardiomyopathy.
Experimental Design: 1 × 106 wild type (WT), CD362−, or CD362+ MSC are
intravenously injected into db/db mice. Four weeks later, mice are
hemodynamically characterized and subsequently sacrificed for IMS
combined with bottom-up mass spectrometry, and isoform and
phosphorylation analyses of cardiac titin.
Results: Overall alterations of the cardiac proteome signatures, especially
titin, are observed in db/db compared to control mice. Interestingly, only
CD362+ MSC can overcome the reduced titin intensity distribution and shifts
the isoform ratio toward the more compliant N2BA form. In contrast, WT and
CD362− MSCs improve all-titin phosphorylation and protein kinase G activity,
which is reflected in an improvement in diastolic performance.
Conclusions and Clinical Relevance: IMS enables the characterization of
differences in titin intensity distribution following MSC application. However,
further analysis of titin phosphorylation is needed to allow for the assessment
of the therapeutic efficacy of MSC.
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1. Introduction

Diabetes mellitus is a global epidemic
that is expected to affect over 600 million
people worldwide by 2045.[1] Despite
enormous advances in therapy options
and patient self-management, diabetes
represents a growing medical and eco-
nomic problem. Cardiovascular events,
including diabetic cardiomyopathy, are
the leading cause of morbidity and
mortality in diabetic patients. Diabetic
cardiomyopathy, first discovered by
Rubler et al. in 1972,[2] describes struc-
tural and functional alterations of the
heart, which are independent of coro-
nary artery disease and hypertension.
Hallmarks of diabetic cardiomyopa-
thy are interstitial inflammation[3] and
fibrosis,[4] impaired vascularization, and
cardiomyocyte stiffness.[5] Left ventricu-
lar (LV) diastolic dysfunction, attributed
to excessive collagen deposition,[6] and
cardiomyocyte stiffness,[7] represents
the earliest preclinical manifestation of
diabetic cardiomyopathy.[8]

The molecular alterations in the my-
ocardiumdue to diabetic cardiomyopathy
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remain poorly understood despite extensive research in the field.
This is largely owing to the heterogeneity of cardiac tissue. Tra-
ditional histological stainings that are currently used can only
provide limited information about the tissue, depending on the
specific staining used. To overcome these limitations, label-free
and multiplex in situ analysis techniques are attracting increas-
ing interest. Matrix-assisted laser desorption/ionization imag-
ing mass spectrometry (MALDI-IMS) is a promising label-free
multiplex technology that enables precision tissue assessment
based on label-free in situ spatially resolved molecular signa-
tures (e.g., metabolites, peptides, and proteins). This allows for
correlation of the detected signature with alterations in tissue
histology.[9,10]

Our own previous data on streptozotocin (STZ)-induced type 1
diabetes mellitus-associated diabetic cardiomyopathy demon-
strated that MALDI-IMS, in combination with speckle-tracking
echocardiography, is able to assess region-dependent alter-
ations in protein distribution and the associated impair-
ment of global and regional LV deformation.[11] Along with
the differentiation and classification of pathophysiological
regions,[12] studies in patients revealed the capability of IMS
to stratify patients[13] and to characterize the therapeutic
response.[14,15]

Recent studies on early stage diabetic cardiomyopathy showed
that dysfunctionality of the contractile apparatus,[16] including
myosin and titin,[5,17] is sufficient to induce diastolic dys-
function without any involvement of cardiac fibrosis. Given
their ability to reduce cardiomyocyte stiffness,[5] MSC are an
attractive tool for the treatment of diabetic cardiomyopathy.
Syndecan-2/CD362, a heparin sulfate proteoglycan, is expressed
on the surface of a subpopulation of human MSC, allowing
the selective isolation of a homogenous cell population, which
meets regulatory requirements for clinical use. Masterson
et al.[18] recently demonstrated that human CD362+ MSC de-
creased Escherichia coli-induced pneumonia severity and that
their efficacy was at least comparable to heterogeneous human
MSCs. However, the potential of CD362+ MSC in improving
experimental diabetic cardiomyopathy has not been investigated
before.
Therefore, the aim of the present proof-of-concept study was
to evaluate whether IMS can assess the therapeutic effect of
CD362+-selected MSC in early onset experimental diabetic car-
diomyopathy.

2. Results

2.1. Intravenously Applied Syndecan-2-Selected Mesenchymal
Stromal Cells Induce Subtle Alterations of the Cardiac Proteome
in Type 2 Diabetic db/db Mice

For all experimental groups, primary proteomic screening via
MALDI-IMS was performed (Table S1, Supporting Information).
In total, 298 m/z values ranging from 802.113 to 3198.652 Da
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Clinical Relevance

Diabetesmellitus represents a growingmedical and economic
problem.A commoncomplicationof diabetesmellitus is
diabetic cardiomyopathy, a specific cardiac disorder associated
with cardiac dysfunction and cardiac structural alterations.
Mesenchymal stromal cells (MSC) are an attractive cell-type
for cardiac cell therapy. In the context of a clinical therapeutic
cell product, a clearly definedpopulationofMSC is required,
which is possible using syndecan-2/CD362 selection. This
study aimed to assess the therapeutic effect ofwild type (WT),
CD362−, andCD362+MSCapplication in db/dbmice, amodel
of diabetic cardiomyopathy, using imagingmass spectrometry
(IMS). IMSwas able to identify decreased intensity distribution
of cardiac titin in db/dbmice,whichwasnormalized after
CD362+MSCadministration. In contrast, titin phosphorylation
wasonly increased afterWTorCD362−MSCapplication,
accompaniedby restoredprotein kinaseG (PKG) activity and
improveddiastolic function in db/dbmice.Our study high-
lights the strengthof IMS to assess local changes in protein
distribution inmyocardial tissue in response toMSC.However,
it alsopoints out that to enablemolecular assessment of the
therapeutic efficacy ofMSCduring early onset diabetic car-
diomyopathy, evaluationof thephosphorylation state of titin is
needed.

were detected. Peptide signatures in the different groups are
illustrated by average mass spectra in Figure 1A. In order to
determine the largest differences between the groups, principal
component analysis (PCA) was performed, in which differ-
ences between LV tissue of non-diabetic db+/db versus diabetic
db/db mice were captured (PC-1 = 31.69%; Figure 1B, left
panel). Administration of WT, CD362− and CD362+ MSC in
db/db mice resulted in no differences compared to the db+/db
mice (PC-1 28.88–31.66%; Figure 1B, mid-left panel until right
panel).

2.2. Intravenously Applied Syndecan-2-Selected Mesenchymal
Stromal Cells Change the Signature of 18 Proteins in Type 2
Diabetic db/db Mice

In order to get further insights into which proteins were changed
due toMSC application,m/z values were subsequently identified
via bottom-up liquid chromatography-based mass spectrometry
(LC-MS; Table S2, Supporting Information). The individual
protein signatures from each group were compared in a pair-
wise manner to obtain discriminative peptide values by using
ROC analysis. ROC analysis resulted in 76 peptide values that
distinguished db+/db and db/db mice, 58 that distinguished
db/db and db/db WT mice, 101 that distinguished between
db/db and db/db CD362− mice, and 51 that discriminated
between db/db and db/db CD362+ mice (AUC > 0.6 or < 0.4;
p < 0.01; Table S1, Supporting Information). Subsequently,
discriminative m/z values from IMS were assigned to a LC-MS
reference list (Table S2, Supporting Information) for protein
identification.[19]
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Figure 1. Intravenously applied syndecan-2-selected mesenchymal stromal cells induce subtle alterations of the cardiac proteome in type 2 diabetic
db/db mice. A) Average peptide spectra of left ventricular (LV) tissue derived from db+/db, db/db, db/db WT, db/db CD362−, and db/db CD362+ mice.
B) PCA showed differences in the cardiac proteome of the db+/db (blue spots) versus db/db group (red spots; left panel). Application of the different
MSC types (gray spots) induced minimal changes in the cardiac protein composition.

In accordance to our criteria that more than one peptide is
required for protein identification, a list of 77 m/z values from
the initial 298m/z values were assigned to 18 proteins and could
be assumed as correctly identified according to the guidelines[19]

(Table S3, Supporting Information).

2.3. Intravenously Applied Syndecan-2-Selected Mesenchymal
Stromal Cells Alter the Intensity Distribution of Cardiac 𝜶-actin,
ATP Synthase, Myosin-6/7, and Titin in Type 2 Diabetic db/db
Mice

To further determine the therapeutic impact of MSC application
in type 2 db/db mice, ROC analysis of the 18 proteins was
performed. Only isoforms with two similar discriminate charac-
teristics and an AUC >0.6 or <0.4 for the different comparisons
were assumed as correctly identified. As a result, 𝛼-actin car-
diac muscle 1 (Actc1), ATP synthase subunit 𝛼, mitochondrial
(Atp5a1), glyceraldehyde-3-phosphate dehydrogenase (Gapdh),
myosin-6/7 (Myh6/Myh7), and titin (Ttn) were assigned to
the observed m/z values from the MALDI-IMS experiment
(Table 1).
Illustration of spatial intensity distribution indicated a higher

expression of cardiac 𝛼-actin (Figure 2A) and mitochondrial ATP
synthase (Figure 2B) in db/db versus db+/db mice. Interest-
ingly, application of CD362− and CD362+ MSC in db/db mice
lowered the intensity distribution of both proteins compared to
untreated db/db mice, whereas WT MSC only reduced the in-
tensity distribution of mitochondrial ATP synthase. Regarding
myosin-6/7, db/db animals displayed a lower intensity distribu-
tion compared to db+/db mice, which was partially restored by
WT, CD362−, and CD362+ MSC injection (Figure 2C). In con-

trast, the initially lower spatial distribution of cardiac titin in
db/db mice compared to controls was normalized by application
of CD362+ MSC, but not by WT or CD362− MSC administration
to db/db mice (Figure 3).

2.4. Intravenously Applied Syndecan-2-Selected Mesenchymal
Stromal Cells Abrogate Reduced Cardiac Titin Phosphorylation in
Type 2 Diabetic db/db Mice

Titin is the largest sarcomere protein and exists in two isoforms:
N2B and N2BA, whereby N2B is the shorter and stiffer form,
and N2BA, the longer and more compliant form.[7] MALDI-IMS
indicated significant reduction of LV titin distribution in db/db
mice, which was only increased after application of CD362+ MSC
(Figure 3). MALDI-IMS does not allow for the distinction be-
tween the two different titin isoforms. Subsequent in depth anal-
ysis of titin isoform composition and titin phosphorylation via
SYPRO Ruby and Pro-Q Diamond phosphoprotein staining on
SDS gels,[5,17] revealed a lower N2BA/N2B ratio in db/db mice
compared to db+/db mice (Figure 4A), which was accompa-
nied by reduced titin phosphorylation in these animals (Fig-
ure 4B). Furthermore, the activity of both protein kinase G (PKG)
and protein kinase A (PKA), protein kinases important in titin
phosphorylation,[20] was reduced in db/db mice versus db+/db
animals (Figure 4C,D).
The reduced N2BA/N2B ratio was only increased in

db/db mice receiving CD362+ MSC compared to db/db mice
(Figure 4A). However, only WT and CD362− MSC increased titin
phosphorylation and PKG activity in db/db mice (Figure 4B–D).
In contrast, administration of CD362+ MSC had no effect on
titin phosphorylation, or on PKG activity.
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Table 1. Intravenously applied syndecan-2-selected mesenchymal stromal cells alter the intensity distribution of MALDI-IMS-derived identified proteins
in type 2 diabetic db/db mice. Table displayed ROC analysis of identified peptides within the different groups. As stated in the Experimental Section,
peptides with lowest mass difference to the LC-MS reference list value and with similar discrimination characteristics were assumed as a match.

ROC [AUC]

IMS m/z
[Da] ±0.337

db/db
vs

db+/db
db/db vs
db/db WT

db/db vs
db/db
CD362+

db/db vs
db/db
CD362−

IMS-Mr
[Da]

LC MS-
Mr [Da] D [Da] Sequence Protein Gen

2244.087 0.61 0.41 0.44 0.57 2243.08 2243.05 0.03 K.DLYANNVLSGGTTMYPGIADR.M Actin, alpha cardiac muscle 1 Actc1

1198.386 0.63 0.49 0.55 0.59 1197.38 1197.70 0.32 R.AVFPSIVGRPR.H

1625.037 0.60 0.51 0.53 0.57 1624.03 1623.88 0.15 R.TGAIVDVPVGEELLGR.V ATP synthase subunit alpha,
mitochondrial

Atp5a1

1667.905 0.64 0.50 0.53 0.53 1666.90 1666.79 0.11 R.NVQAEEMVEFSSGLK.G

1779.969 0.62 0.44 0.57 0.65 1778.96 1778.79 0.17 K.LISWYDNEYGYSNR.V Glyceraldehyde-3-phosphate
dehydrogenase

Gapdh

1032.654 0.62 0.56 0.60 0.70 1031.65 1031.59 0.06 M.VKVGVNGFGR.I

994.512 0.28 0.45 0.32 0.59 993.50 993.51 0.01 K.TTHPHFVR.C Myosin-6/7 Myh6/Myh7

883.461 0.32 0.51 0.38 0.53 882.45 882.46 0.01 R.ILYGDFR.Q

1078.559 0.35 0.58 0.38 0.61 1077.55 1076.60 0.95 R.VDLIHDLPR.V Titin Ttn

950.631 0.37 0.55 0.47 0.62 949.62 949.52 0.10 K.ITGYIVER.R

Figure 2. Intravenously applied syndecan-2-selected mesenchymal stromal cells alter intensity distribution of cardiac 𝛼-actin, ATP synthase, andmyosin-
6/7 in type 2 diabetic db/dbmice. A) Representative H/E staining of the respective tissue slides, followed by illustration of spatial intensity distribution of
B) cardiac 𝛼-actin (m/z 1198.386 Da), C) mitochondrial ATP synthase subunit 𝛼 (m/z 1625.037 Da), and D) myosin-6/7 (m/z 883.461 Da) in LV samples
of db+/db, db/db, db/db WT, db/db CD362−, and db/db CD362+ mice.
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Figure 3. Intravenously applied syndecan-2-selected mesenchymal stromal cells abrogate reduced intensity distribution of cardiac titin in type 2 diabetic
db/db mice. In addition to A) representative mass spectra, B) H/E staining was shown. C) The corresponding spatial intensity distribution ofm/z values
for all 4 LV tissue replicates indicate a lower intensity distribution ofm/z 950.631 Da from cardiac titin in db/dbmice versus db+/db animals. Application
of WT and CD362− MSC have no impact on intensity distribution of titin, whereas CD362+ cells restore titin expression.

2.5. Intravenously Applied Syndecan-2-Selected Mesenchymal
Stromal Cells Do Not Ameliorate Diastolic Function in Type 2
Diabetic db/db Mice

To investigate whether the WT, CD362−, and CD362+ MSC-
mediated effects on titin phosphorylation and PKG activity
in db/db mice translated into improved contractile function,
hemodynamic measurements were performed (Figure 5). LV
contractility and relaxation parameters, dP/dtmax and dP/dtmin,
respectively, were reduced in db/db mice versus db+/db animals
(Figure 5A,B), accompanied by an increase in Tau (Figure 5C).
Intravenous administration of WT MSC abrogated the reduced
LV contractility and relaxation in db/db mice, as indicated

by an increase of dP/dtmax and dP/dtmin, and decreased Tau
(Figure 5A–C). Application of CD362− MSC in db/db mice also
improved cardiac diastolic function compared to db/db mice, as
shown by an increased dP/dtmin and reduced Tau (Figure 5B,C).
In contrast, CD362+ MSC administration improved neither LV
contractility nor LV relaxation in db/db mice (Figure 5A–C).

3. Discussion

The main finding of the present study is that by using IMS we
were able to characterize differences in titin intensity distribu-
tion following MSC application during early onset experimental
diabetic cardiomyopathy. However, further analysis of titin
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Figure 4. Intravenously applied syndecan-2-selected mesenchymal stromal cells abrogate reduced cardiac titin phosphorylation in type 2 diabetic db/db
mice. A) Calculation of the N2BA/N2B ratio using Pro-Q Diamond phosphoprotein staining. B) Titin N2B Ser/Thr phosphorylation state depicted as
percentage of phosphorylation toward total protein (A, B with n = 6 for db+/db, n = 7 for db/db, n = 8 for db/db WT, n = 11 for db/db CD362−, and
n = 12 for db/db CD362+ group). Finally, C) PKG and D) PKA activity were measured (C, D with n = 4/group). Data are depicted as mean ± SEM and
analyzed with one-way ANOVA or Kruskal–Wallis test (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 vs db+/db; †p< 0.05, ††p< 0.01, †††p< 0.001,
††††p < 0.0001 vs db/db; ‡p < 0.05, ‡‡p < 0.01, ‡‡‡p < 0.001, ‡‡‡‡p < 0.0001 vs db/db WT; §p < 0.05, §§p < 0.01, §§§p < 0.001, §§§§p < 0.0001 vs db/db
CD362−).

phosphorylation is needed to allow the assessment of the
therapeutic efficacy of MSC.
One of the common complications of diabetes mellitus is di-

abetic cardiomyopathy, an own clinical entity, which develops in
the absence of hypertension and coronary artery disease.[2] Di-
abetic cardiomyopathy is associated with structural alterations
of the myocardium and cardiac dysfunction.[3–6] Accumulating
evidence shows that even in the absence of prominent cardiac
fibrosis, diastolic LV function can be impaired due to changes
in cardiac sarcomere proteins.[5,11,17] Indeed, we recently demon-
strated via MALDI-IMS that STZ-induced type 1 diabetic car-
diomyopathy is associated with regional-dependent changes in
intensity distribution of 𝛼-actin, myosin light chain 3, and titin,
which are all associated with the contractile function of the
heart.[11] In the present study, we detected changes of proteins as-
sociated with contractile function (𝛼-actin, myosin-6/7, and titin)
and cardiac energy metabolism (mitochondrial ATP synthase) in
db/db mice compared to db+/db animals. These data agree with

previous reports investigating the cardiac proteome in experi-
mental type 1[21] and type 2[22] diabetes mellitus, which therefore
highlights the particular relevance of these signaling pathways in
the pathogenesis of diabetic cardiomyopathy.[23]

MSC are an attractive tool to treat diabetic cardiomyopathy
given their well-established immunomodulatory, endothelial-
protective, and anti-fibrotic features and their ability to improve
diastolic function via their impact on titin regulation.[5] Fur-
thermore, application of WT and CD362− MSC in db/db mice,
a well-accepted experimental model to study type 2 diabetes
mellitus,[24] results in an improvement of diastolic function.
Interestingly, application of the different MSC types resulted
in only subtle changes of the total cardiac proteome. Further
protein identification and ROC analyses revealed decreased
myosin-6/7 and titin intensity distribution in diabetic db/db
mice, which was partially improved after CD362+ MSC ad-
ministration. Similar observations were made in STZ mice
treated with placenta-derived adherent stromal cells[5] and in
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Figure 5. Intravenously applied syndecan-2-selected mesenchymal stromal cells improve myocardial performance in type 2 diabetic db/db mice. Inves-
tigation of LV function was performed using the conductance catheter technique. As indices for cardiac contractile function, A) LV contractility (dP/dtmax
in mmHg s−1), B) LV relaxation (dP/dtmin in mmHg s−1), and C) LV relaxation time (Tau in ms) are depicted. Bar graphs represent the mean ± SEM
and were analyzed with one-way ANOVA or Kruskal–Wallis test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs db+/db; †p < 0.05, ††p < 0.01,
†††p< 0.001, ††††p< 0.0001 versus db/db; ‡p< 0.05, ‡‡p< 0.01, ‡‡‡p< 0.001, ‡‡‡‡p< 0.0001 vs db/dbWT; §p< 0.05, §§p< 0.01, §§§p< 0.001, §§§§p< 0.0001
vs db/db CD362+ with n = 9 for db+/db, n = 6 for db/db, n = 8 for db/db WT, n = 9 for db/db CD362−, and n = 9 for db/db CD362+ group).

patients who underwent cardiac contractility modulation,[15]

in which increased intensity distribution of titin was observed
and further associated with improved LV function in both these
studies.
The difference between titin isoforms N2B and N2BA cannot

be distinguished via MALDI-IMS. Distinction between the
isoforms can, however, be made by ion mobility, which detects
unique peptide sequences. However, these unique peptide
sequences are significantly underrepresented compared to other
peptides after tryptic digestion and pose a challenge for isoform
identification. Under normal conditions, the N2BA isoform is
expressed at lower levels compared to N2B. A shift in the titin iso-
form profile or general titin hypophosphorylation results in the
development of cardiac dysfunction.[7,17] In the present study, sig-
nificantly lower titin intensity distribution was detected in db/db
mice compared to db+/db mice using MALDI-IMS. Further
evaluation of protein levels indicated a lower N2BA/N2B ratio
and titin hypophosphorylation in db/db versus db+/db mice. In
accordance to the literature, where diabetesmellitus is associated

with low PKG and PKA activity[5,25] leading to titin hypophospho-
rylation and cardiomyocyte stiffness,[26,27] we observed a reduc-
tion in LV PKG and PKA activity in db/db compared to db+/db
animals. With respect to MSC application, MALDI-IMS revealed
higher intensity distribution of cardiac titin in db/db mice
treated with CD362+ MSC, which was accompanied by a shift in
the N2BA/N2B ratio toward the more compliant N2BA isoform.
In contrast, WT and CD362− MSC administration in db/db mice
had no effect on titin intensity distribution or the N2BA/N2B
ratio. Surprisingly, we detected no improvement of diastolic per-
formance in db/db CD362+ mice, whereas db/db WT and db/db
CD362− animals displayed improved diastolic LV function. This
may be due to the low PKG and PKA activity, and therefore titin
hypophosphorylation in db/db CD362+ treatedmice. In contrast,
concomitant with the increase in titin phosphorylation, applica-
tion of WT and CD362− MSC normalized PKG activity to control
levels. These data indicate that treatment of db/db mice with
WT or CD362− MSC can normalize titin phosphorylation and
PKG activity, and that this normalization of PKG activity likely
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underlies the restoration of cardiac diastolic performance in
these animals.
Since PKG is a downstream target of nitric oxide (NO)

and an impaired NO bioavailability, hallmark of endothelial
dysfunction,[28] is known to decrease cardiomyocyte PKG activ-
ity, leading to cardiomyocyte and diastolic stiffness,[5,27,29] the
WT and CD362− MSC-mediated increase in PKG activity is sug-
gested to be due to an improvement in endothelial function in
the db/db mice. This hypothesis is supported by our own pre-
vious findings illustrating that MSC increase the NO bioavail-
ability in endothelial cells under hyperglycemic conditions.[5]

This MSC-mediated improvement in NO bioavailability was as-
sociated with an increase in vascularization in diabetic mice.[5]

Based on the finding of De Rossi and colleagues,[30] who demon-
strated that released syndecan-2/CD362 induces anti-angiogenic
effects, we suggest that CD362+ MSC have less pronounced pro-
angiogenic/endothelial-protective effects compared to WT and
CD362− MSC. Consequently, the lack of improvement in dias-
tolic performance following CD362+ MSC application in db/db
mice could be explained by the low PKG activity and subsequent
titin hypophosphorylation in db/db CD362+ mice.

4. Summary and Conclusion

The present study evaluated LV tissue sections via MALDI-IMS,
from control db+/db, diabetic db/db mice, and db/db mice who
received therapeutic MSCs. Subsequent bottom-up LC-MS was
used to identify spatial protein signatures and to assess the ther-
apeutic response to syndecan-2/CD362+-selected MSC. The LV
architecture is composed of differently orientated fibers, build-
ing the endo-, meso-, and epicardium;[11,31] extraction of these
specific regions via tissue microdissection is still challenging.
The process is labor intensive and yields little knowledge about
the actual spatial distribution of pathophysiological regions.[10]

The specimen-based proteomic approach, which was used in the
present study, revealed overall alterations in intensity distribu-
tion of proteins belonging to cardiac energy metabolism and
contractile apparatus in diabetic db/db mice. Specifically, car-
diac myosin-6/7 and titin intensity distributions were reduced in
db/db compared to db+/db mice, but were normalized by treat-
ment with CD362+ MSC, whereas WT and CD362− MSC had
no effect on titin and cardiac myosin-6/7 intensity distribution.
Subsequent analyses of titin phosphorylation and PKG activity
indicated that WT and CD362− MSC ameliorated titin hypophos-
phorylation, leading to improved diastolic performance in db/db
mice. In contrast, CD362+ MSC did not improve titin phospho-
rylation, resulting in no improvement of diastolic performance.
Thus, we confirm that IMS is able to assess differences in titin

intensity distribution following MSC application, already at the
early onset of experimental diabetic cardiomyopathy. However,
to assess the therapeutic efficacy of MSC treatment, in terms of
detecting molecular changes underlying the MSC-mediated im-
provement in diastolic performance, analysis of titin phosphory-
lation is required.

5. Experimental Section
Mesenchymal Stromal Cell Preparation: Bone marrow-derived WT-

MSC (WT), CD362− MSC (CD362−), and CD362+ MSC (CD362+) from

the same donor were provided by Orbsen Therapeutics Ltd. (Galway,
Ireland).[18] Informed consent was obtained for all bone marrow samples
according to the Ethics Ref. C.A.02/08. In brief, mononuclear cells (MNCs)
were isolated by Ficoll density gradient centrifugation (GE Health Care
Bio-Sciences, Buckinghamshire, UK) and ACK Lysis Buffer (Life Technolo-
gies, California, USA) employed for erythrocyte lysis. MNCs were then an-
alyzed for expression of CD235-eFluor 450 (clone 6A7M, dilution 1:1000,
eBioscience, Hatfield, UK), CD45-FITC (clone HI30, dilution 1:25, BD
Biosciences, Oxford, UK), CD271-PE (clone ME20.4-1.H4, dilution 1:50,
Miltenyi Biotec, Bergisch Gladbach, Germany), and CD362-APC (clone
305515, dilution 1:50, R&D Systems, Abingdon, UK). The viability dye
Sytox Blue (Life Technologies, California, USA) was used to exclude dead
cells. Using appropriate controls including fluorescence minus one, gates
were assigned and the CD362+CD271+ population (Figure S1, Supporting
Information) was sorted using a BD FACS Aria (BD Biosciences, Oxford
UK). The mean number of CD362+CD271+ cells isolated form the donors
used in this study was 5419 ± 2359 (n = 3). Cells were plated, expanded
in culture, and cryopreserved at p2 for shipment to consortia partners. To
obtain data for post-sort analysis a minimum of 0.5–1 × 106 events were
acquired at the time of sorting. Post-sort purities were routinely≥98%with
≥90% viability. Data were analyzed using FlowJo software (Tree Star, Inc.,
Ashland, OR, USA).

Experimental Model: Heterozygous (db+/db) and homozygous
(db/db) BKS.Cg-m+/+Leprdb/BomTac mice (Taconic, Skensved, Den-
mark), carrying a leptin receptor mutation, were used as a model for
human type 2 diabetes mellitus. At the age of 20 weeks, mice were
intravenously injected with 200 µL PBS containing either 1 × 106 WT,
CD362−, or CD362+ MSC. Animals treated with the same volume of
PBS served as controls. Four weeks later, mice were hemodynamically
characterized, sacrificed, and the LV was excised for further analysis.
All experimental procedures were performed according to European
legislation (Directive 2010/63/EU) and approved by the local animal
welfare committee (Landesamt für Gesundheit und Soziales, Berlin,
Germany, G0254/13).

Tissue Preparation: After hemodynamic measurement, LV were har-
vested, immediately snap frozen in liquid nitrogen, and stored at −80 °C
until further processing. In addition to the frozen samples, one part of the
LV was stored in formalin for paraffin embedding.

Cardiac Proteome Analysis by MALDI-Imaging Mass Spectrometry: As
described previously,[12,13] MALDI-IMS was performed to determine
region-dependent protein expression on LV sections. In brief, LV samples
were fixed with paraformaldehyde, washed and embedded in paraffin.
Afterward, tissue sections of 7 µm were transferred onto indium–
tin-oxide slides (Bruker Daltonik, Bermen, Germany). Subsequently,
sections were dewaxed and passed through decreasing concentrations
of ethanol.[32] Antigen retrieval was performed according to Gustafsson
and colleagues.[33] Next, 200 µL of a trypsin solution (20 µg) containing
20 mm ammonium bicarbonate/acetonitrile (ratio 9:1) was applied via
an automated spraying device (ImagePrep; Bruker Daltonik) directly onto
the sections.[32] Finally, matrix solution was applied in the same way. Data
acquisition was performed on an Autoflex III MALDI-TOF/MS in a raster
width of 80 µm by using the flexControl 3.0 and flexImaging 3.0 software
(Bruker Daltonik).

In order to identify the proteins corresponding to the detected dis-
criminative m/z values, adjacent tissue sections were analyzed via
the “bottom-up”—nano liquid chromatography (Dionex Ultimate 3000,
Thermo Fischer)—MS/MS (ESI-QTOF; Bruker Daltonik) approach.[13] To
perform an “on tissue digestion “(surface), trypsin solution was applied
via ImagePrep and incubated for 3 h at 37 °C. Peptides for following
nUPLC-MS/MS analysis were extracted directly from adjacent tissue sec-
tions into 40 µL of 0.1% trifluoroacetic acid and incubated for 15 min at
room temperature.

The respective mass spectra were analyzed with theMus musculus pro-
tein database from UniProt database and a LC-MS/MS reference list.
Therefore, the following parameters were set: i) taxonomy:M.musculus, ii)
proteolytic enzyme: trypsin, iii) peptide tolerance: 10 ppm, iv) maximum
of accepted missed cleavages: 1, v) peptide charge: 2+, 3+, 4+, vi) vari-
able modification: oxidation (M), vii) MS/MS tolerance: 0.05Da, and viii)
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MOWSE score > 25. The comparison of MALDI-imaging and LC−MS/MS
m/z values required the identification of more than one peptide (mass dif-
ferences <0.9 Da).[34]

Analysis of Cardiac All-Titin Phosphorylation: As described in detail
elsewhere,[5,17] frozen LV samples were solubilized and heated, followed
by gel electrophoresis. To determine content of the N2BA and N2B iso-
form, gels were stained overnight with SYPRO Ruby (Thermo Fisher
Scientific). With respect to isoform phosphorylation, a Pro-Q Diamond
phosphoprotein staining was performed. After the corresponding stain-
ing, gels were subsequently analyzed on the LAS-4000 Image Reader
(460 nm/605 nm Ex/Em; 2s illumination) using the Multi Gauge V3.2 and
AIDA software. Total titin isoform composition (N2BA + N2B) and phos-
phorylation were assumed to be 100% and expressed as relative values in
percentage.

Determination of Myocardial Protein Kinase G Activity: Analogous
to the analysis of cardiac titin, LV tissue was first homogenized and
centrifuged. As previously described,[5] resulting supernatants were
incubated with a solution allowing incorporation of 32P into a substrate
depending on myocardial protein kinase G activity.[26] PKG activity was
expressed as percentage of the control group, set as 100%.

Determination of Myocardial Protein Kinase A Activity: To determine
myocardial PKA activity, a nonradioactive PKA kinase activity assay (Enzo
Life Science, Farmingdale, NY, USA)was performed.[5] According theman-
ufacturers protocol, supernatants were added to the substrate plate after
sample homogenization. Addition of ATP initiated the kinase reaction and
intensity of color development was measured at 450 nm. Analogous to
PKG, activity was expressed as percentage of the control group, set as
100%.

HemodynamicMeasurements: To assess LV systolic and diastolic func-
tion, hemodynamic measurements via conductance catheter technique
were performed. Four weeks after cell or PBS application, mice were first
anesthetized (0.8–1.2 g kg−1 urethane i.p. and 0.05 mg kg−1 buprenor-
phine i.p.) and artificially ventilated. Afterward, a 1.2 F conductance
catheter (Scisense Inc., Ontario, Canada) was positioned into the LV to
record LV contractility (dP/dtmax), LV relaxation (dP/dtmin) and LV relax-
ation time (Tau).[35]

Statistical Analysis: All data were expressed as mean ± SEM and sta-
tistical analysis was performed using the GraphPad Prism 8 Software
(GraphPad Software, La Jolla, USA). Differences were considered signif-
icant at p < 0.05 using one-way ANOVA with LSD post hoc test (paramet-
ric data) or Kruskal–Wallis test with Dunn´s post hoc test (non-parametric
data).

With respect to MALDI-IMS approach, data were analyzed using the
SCiLS Lab software (Version 2020a, SCiLS GmbH, Bremen, Germany).[13]

MALDI-IMS raw data were first imported into the SCiLS Lab software and
converted to the SCiLS SL file format. The import settings in SCiLS Lab
were as follows: no baseline removal and total ion count preserving. Peak
finding and alignment were accomplished using a standard segmentation
pipeline.[36] In order to minimize the uncertainty interval to inter-spectra
alignment problems, the SCilS interval-processing mode “maximal value
on interval” was used. The following settings were used: interval width
0.337 Da; interval processing, mean; smoothing strength, medium;
and Sigma, 1 × 106. PCA was further used to determine the largest
difference between the groups. The settings for PCA were as follows:
denoising, weak; interval width, 0.337 Da; interval processing, maximum
number of components, five; scaling, unit variance; and spectrum mode,
“individual”. In order to determine discriminative and characteristic m/z
values (peptides) in the LV tissue specimens of the different groups, a
receiver operating characteristic (ROC) analysis was performed. Since the
number of spectra from each group should be approximately the same,
1700 randomly selected spectra per group were used for the pairwise
comparison. The area under the ROC curve (AUC) varies between 0
and 1, where values of ≈0 and 1 indicate a discriminating property, and
values of ≈0.5 indicate a non-discriminating property. For those peaks
with a ROC score of the AUC >0.6 or <0.4, a univariate hypothesis test
(Wilcoxon rank sum test) was used to ensure the statistical significance
(p ≤ 0.01).
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