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Speckle-tracking echocardiography
combined with imaging mass
spectrometry assesses region-
dependent alterations

Kathleen Pappritzl?7, Jana Grune?3*7, Oliver Klein'?, Niklas Hegemann?3, Fengquan Dong?,
Muhammad El-Shafeey’>, Jie Lin?, Wolfgang M. Kuebler?3, Ulrich Kintscher®*,
Carsten Tschopel?® & Sophie Van Linthout®25*

Left ventricular (LV) contraction is characterized by shortening and thickening of longitudinal

and circumferential fibres. To date, it is poorly understood how LV deformation is altered in

the pathogenesis of streptozotocin (STZ)-induced type 1 diabetes mellitus-associated diabetic
cardiomyopathy and how this is associated with changes in cardiac structural composition. To gain
further insights in these LV alterations, eight-week-old C57BL6/j mice were intraperitoneally injected
with 50 mg/kg body weight STZ during 5 consecutive days. Six, 9, and 12 weeks (w) post injections,
echocardiographic analysis was performed using a Vevo 3100 device coupled to a 30-MHz linear-
frequency transducer. Speckle-tracking echocardiography (STE) demonstrated impaired global
longitudinal peak strain (GLS) in STZ versus control mice at all time points. 9w STZ animals displayed an
impaired global circumferential peak strain (GCS) versus 6w and 12w STZ mice. They further exhibited
decreased myocardial deformation behaviour of the anterior and posterior base versus controls, which
was paralleled with an elevated collagen I/Ill protein ratio. Additionally, hypothesis-free proteome
analysis by imaging mass spectrometry (IMS) identified regional- and time-dependent changes of
proteins affecting sarcomere mechanics between STZ and control mice. In conclusion, STZ-induced
diabetic cardiomyopathy changes global cardiac deformation associated with alterations in cardiac
sarcomere proteins.

Diabetic cardiomyopathy is an own clinical entity, which occurs in the absence of hypertension and coronary
artery disease!. Experimental STZ-induced type 1 diabetes mellitus-associated diabetic cardiomyopathy is
associated with enhanced cardiac cytokine levels and collagen I deposition, resulting in cardiac dysfunction®.
Cumulative evidence shows that early diabetic cardiomyopathy manifests in LV diastolic dysfunction accom-
panied by low-grade inflammation lacking pronounced fibrosis*. Imaging techniques, like echocardiography®
facilitate detection of alterations in diastolic performance.

In general, LV architecture is composed of longitudinal and circumferential fibres, building the endo-, meso-,
and epicardial layers of the heart®. The orientation of the fibres within those layers is comprised of a right-handed
helix in the subendocardium, circumferential oriented fibres in the cardiac midwall, and a left-handed helix in
the subepicardium’. During cardiac contraction, fibres undergo shortening and thickening, whereby contraction
of the subendocardial longitudinal fibres mainly determine LV function in longitudinal direction®. In contrast,
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thickening of the mesocard contributes to circumferential and radial motion. Due to the opposite orientation of
the subendocardial and subepicardial fibres, the shortening of these fibres determines cardiac twist during LV
contraction. Recently, strain parameters assessed by STE, which reflect tissue deformation (strain) during the
cardiac cycle, have been included in guideline recommendations for the diagnosis of heart failure>!°. In contrast
to conventional echocardiography, STE is able to detect early subtle changes and has been shown to be of diag-
nostic value'"'2 Studies in patients with heart failure with preserved ejection fraction'® and diabetes mellitus'*
demonstrated that GLS was initially impaired, but subsequently compensated by circumferential or radial func-
tion to maintain ejection fraction'®. The authors hypothesized that diabetes-associated cardiac fibrosis particu-
larly occurs in the endo- and epicardial layers, which predominantly consist of longitudinal fibers. Therefore,
enhanced fibrotic lesions in these layers will specifically cause a decline of longitudinal strain parameters'®. To
date, further evidence for this hypothesis is missing and the underlying mechanistic reason for impaired myocar-
dial deformation during diabetic cardiomyopathy remains poorly understood'”.

Collagen is one of the most important proteins of the extracellular matrix and ensures myocardial structure
and architecture'®. After secretion as pro-peptides, collagen molecules are cleaved, followed by stabilization via
cross-linking. Matrix metalloproteinases (MMPs) are responsible for collagen degradation, indicating their role
as modulators in the maintenance of tissue homeostasis as well as in pathological remodelling. In heart failure,
the equilibrium between MMPs and their tissue inhibitors (TIMPs) varies depending on the pathogenic entity".
Since several decades it is known that an enhanced collagen deposition in diabetic patients is associated with an
impairment in LV function. We recently published data, which supports the hypothesis that a decline in GLS,
indicative for reduced cardiac performance, strongly correlates with enhanced collagen and TIMP-1 levels®.
Beside the relevance of cardiac fibrosis, there is accumulating evidence that particularly dysfunctionality of the
contractile apparatus?, involving myosin and titin*??, occurs at the early stage of diabetic cardiomyopathy.

Despite enormous progress in the understanding of the diabetes mellitus-associated changes in extracellular
matrix turnover and expression of contractile proteins, there is still little known about their subsequent effects
on cardiac deformation behaviour. To our knowledge, this is the first study investigating impaired global defor-
mation behaviour and associated alterations in the expression of cardiac structure components in experimental
STZ-induced type 1 diabetes mellitus-associated diabetic cardiomyopathy.

Results

STZ-induced type 1 diabetes mellitus is associated with impaired morphological parameters.
In accordance with previous studies®, mice suffering from type 1 diabetes mellitus displayed increases in blood
glucose levels at 6w, 9w, and 12w after STZ application versus corresponding controls, respectively (Fig. 1a). In
parallel, the body weight of STZ-treated mice was lower at 6w, 9w, and 12w compared to respective control mice
(Fig. 1b). Additionally, we detected a decline in the LV mass of STZ mice at all three investigated time points ver-
sus the respective controls (Fig. 1c). LV mass/body weight ratios revealed a lower LV mass/body weight ratio only
at 6w after STZ application versus the corresponding control mice (Fig. 1d). Surprisingly, 9w after type 1 diabetes
mellitus induction, LV mass and LV mass/body weight were higher versus 6w and 12w STZ mice, respectively
(Fig. 1c,d). To further resolve the question why 9w STZ differed from 6w and 12w STZ mice, subsequent experi-
ments and analysis were designed.

STZ-induced type 1 diabetes mellitus impairs diastolic and systolic function. Asshown in Fig. 2,
the mean diastolic LV anterior wall and LV posterior wall thickness were significantly reduced in STZ-treated
mice after 6w and 12w, compared to corresponding control mice (Fig. 2a,b). Consistent with Shepherd and col-
leagues?, we detected a reduction in mean diastolic LV internal diameter in 6w, 9w, and 12w STZ mice com-
pared to control mice (Fig. 2c). This was paralleled by a decline in end-diastolic LV volume at 6w, 9w, and 12w
post-STZ versus controls (Fig. 2d). With respect to the LV mass and LV mass/body weight ratio, 9w STZ mice
differed from 6w and 12w STZ mice, as indicated by increased diastolic LV anterior wall and LV posterior wall
values. Specifically, LV anterior wall thickness of 9w STZ mice was higher compared to 6w STZ and 12w STZ
mice, respectively. Analogously, LV posterior wall thickness was increased at STZ 9w versus STZ 6w and 12w,
respectively. As reported previously*%, diastolic wall strain (DWS), which displays the differences of posterior
LV wall thickness during systole and diastole, is proposed to be a marker for diastolic function and correlates with
LV stiffness. Compared to the respective controls, 6w STZ mice displayed increased DWS, whereas DWS was
reduced in 9w STZ mice (Fig. 2e). Similar to LV wall thicknesses, differences between 9w STZ mice versus 6w STZ
and 12w STZ mice were detected, respectively.

In agreement with existing data®?*%3, we further observed reduced cardiac ejection fraction, and fractional
shortening in 9w STZ versus control mice. In addition, stroke volume and cardiac output were decreased in STZ
animals compared to the corresponding control mice (Supplemental Fig. 1). Comparison within the STZ groups
revealed only a reduced ejection fraction in 9w STZ mice versus 12w STZ animals.

STZ-induced type 1 diabetes mellitus reduces global peak strain.  Next, we examined global peak
strain parameters as well as segmental deformation behaviour, indicated by regional peak strain values, to eval-
uate myocardial function. In comparison to the corresponding controls, GLS was reduced in mice at 6w, 9w, and
12w STZ, respectively (Fig. 3a). Furthermore, the STZ 9w group displayed a decrease in GLS compared to the STZ
6w mice. Additionally performed quantitative segmental strain analysis indicated decreased myocardial deforma-
tion behaviour of the anterior and posterior base at 9w after STZ treatment (Fig. 3¢). In parallel, we observed an
increase in GCS in 6w STZ and 12w STZ mice versus corresponding controls, respectively (Fig. 3b). In contrast,
the 9w STZ animals displayed a lower GCS relative to 6w and 12w STZ mice, respectively. Segmental analysis of
the respective short axis B-mode images showed improved contraction of the anterior free wall and posterior
septum in STZ mice at 6w compared to controls (Fig. 3d). Analogous, myocardial contraction of the posterior
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Figure 1. STZ-induced type 1 diabetes mellitus is associated with impaired morphological parameters. (a)
Blood glucose levels (mg/dl) in control mice and 6w, 9w, and 12w after STZ application. Besides increased blood
glucose, mice suffering from type 1 diabetes displayed lower body weight (g) over time (b). As morphological
parameters, LV mass (mg; ¢) and LV mass/body weight (d) are depicted. Bar graphs represent the mean +

SEM. Data were analysed with One-way ANOVA or Kruskal-Wallis test (¥p < 0.05; **p < 0.01, ***p < 0.001,
*ikp < 0.0001 versus corresponding control; p < 0.05, T'p < 0.01, 17p < 0.001, *7p < 0.0001 versus the 6w
STZ; *p < 0.05, ¥p < 0.01, #¥p < 0.001, #¥p < 0.0001 versus the 9w STZ; n = 12/controls and n= 14/STZ).

septum was increased in 12w STZ mice versus controls. These data indicate that STZ-induced diabetic cardiomy-
opathy is associated with an impairment in GLS, whereas GCS is partially improved. Additionally, the GLS and
GCS rates, which reflect the change in strain over time, exhibited similar regulations in STZ versus control mice
as the respective GLS and GCS (Supplemental Fig. 2).

STZ-induced type 1 diabetes mellitus modulates collagen | deposition and extracellular matrix
turnover in a time-dependent manner. After we observed time-dependent changes in STE-assessed
strain parameters following STZ treatment, we investigated possible underlying mechanisms. In comparison to
the respective controls, we detected no differences in Collal mRNA expression in STZ 9w animals (Fig. 4a). In
contrast, collagen I protein expression was increased in 9w STZ mice versus controls, which was accompanied
by an increase in the collagen I/collagen III protein ratio (Fig. 4b,c). Twelve w after STZ application, Collal gene
expression was reduced in mice, and this finding was associated with a reduction in collagen I protein expression
(Fig. 4b). In parallel to the decline in collagen mRNA and protein levels, 12w STZ mice displayed a decrease in
lysyl oxidase (Lox) and lysyl oxidase-like (LoxL)-2 mRNA levels compared to controls, respectively (Fig. 4d,e).
Beside collagen cross-linking, collagen homeostasis is mainly regulated by MMPs and TIMPs. Therefore, we
examined the expression of MMPs and TIMPs in the LV (Fig. 4f-h). Especially, MMP-8 and MMP-13 are respon-
sible for collagen I degradation, indicating their role in cardiac remodeling®’. Compared to control animals,
MMP-8 mRNA levels were elevated in 9w STZ mice, whereas MMP-13 mRNA levels were reduced in 6w and
12w STZ mice, respectively (Fig. 4f,g). Similar to collagen I, mice at 9w STZ displayed an increase in MMP-8 and
MMP-13 gene expression compared to the 6w STZ group. Furthermore, MMP-8 and MMP-13 mRNA levels were
lower in 12w STZ mice versus 9w STZ mice. TIMP-1 expression showed a decline in mRNA levels at 9w and 12w
post-STZ, respectively, compared to 6w STZ (Fig. 4h).

STZ-induced type 1 diabetes mellitus alters the cardiac proteome in a time-dependent manner.
To further understand the changes in strain parameters, a hypothesis-free proteome analysis was performed
(Fig. 5a—c). To this end, we applied principal component analysis yields to discriminate peptide signatures
between the LV tissues at the different time points. The principal component-1 clearly distinguished the protein
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Figure 2. STZ-induced type 1 diabetes mellitus reduces diastolic function. To determine diastolic performance,
left ventricular anterior wall (a), left ventricular posterior wall (b), LV internal diameter (c), and end-diastolic
volume (d) were assessed using a Vevo 3100. In addition, diastolic wall strain (e) was calculated using posterior
wall thicknesses during systole and diastole. Bar graphs represent the mean + SEM. Data were analysed

with One-way ANOVA or Kruskal-Wallis test (*p < 0.05; **p < 0.01, ***p < 0.001, ***p < 0.0001 versus
corresponding control; 'p < 0.05, 'p < 0.01, ""p < 0.001, *"p < 0.0001 versus the 6w STZ; *p < 0.05, #p < 0.01,
#¥p < 0.001, ¥¥p < 0.0001 versus the 9w STZ; n = 12/controls and n = 14/STZ).

signatures between STZ and control LV tissue at 6w, 9w and 12w (Fig. 5a). Furthermore, the comparison of the
peptide signatures within the STZ group resulted in a clear distinction between STZ 6w, 9w and 12w, respectively
(Fig. 5b). To further understand these changes in the cardiac proteome, the mesoderm was subsequently defined
as region of interest and specific peptide values (m/z) were localized and identified (Fig. 5¢). The spatial distri-
bution of m/z values indicated a higher intensity distribution of m/z 976 Da from cardiac a-actin, m/z 1396 Da
from myosin light chain 3, and m/z 1063 Da from mitochondrial ATP synthase in 6w STZ versus 6w control
mice, respectively (Table 1). In contrast, the intensity distribution of a-actin, myosin light chain 3, mitochondrial
ATP synthase, and titin were declined in 9w STZ mice versus corresponding controls, respectively (Table 1).
Interestingly, 12w post-STZ only a-actin, myosin light chain 3, and mitochondrial ATP synthase showed a higher
intensity distribution compared to the respective controls (Table 1).
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Figure 3. STZ-induced type 1 diabetes mellitus reduces global peak strain. Two-dimensional STE was used
to further determine GLS (a) and GCS (b). Quantitative segmental analysis in long axis (c) and short axis
view (d) confirmed time-dependent changes in myocardial deformation behaviour. AA Anterior Apex; AB
Anterior Base; AFW Anterior Free Wall; AM Anterior Mid; AS Anterior Septum; IFW Inferior Free Wall; LW
Lateral Wall; PA Posterior Apex; PB Posterior Base; PM Posterior Mid; PS Posterior Septal Wall; PW Posterior
Wall. Bar graphs represent the mean 4+ SEM. Data were analysed with One-way ANOVA or Kruskal-Wallis
test (*p < 0.05; **p < 0.01, ***p < 0.001, ***p < 0.0001 versus corresponding control; 'p < 0.05, 7'p < 0.01,
7 < 0.001, "1p < 0.0001 versus the 6w STZ; *p < 0.05, ¥p < 0.01, #¥p < 0.001, **p < 0.0001 versus the 9w
STZ; n=12/controls and n=14/STZ).

Discussion

In the present study, we reported time- and (region)-dependent changes in the expression of cardiac collagen,
MMP/TIMP, and proteins of the cardiac sarcomere during the development of STZ-induced type 1 diabetes
mellitus-associated diabetic cardiomyopathy. These alterations are associated with and likely contribute to
changes in myocardial deformation behaviour as indicated by altered GLS and GCS.

Patients suffering from diabetic cardiomyopathy exhibit distinct cardiac structural and functional alterations.
STZ application is a suitable method to induce experimental type 1 diabetes mellitus-associated diabetic cardio-
myopathy characterized by enhanced cardiac inflammation and fibrosis**°~32. There is increasing evidence that
diastolic function is impaired already at early stages of diabetic cardiomyopathy, in the absence of prominent
cardiac inflammation and fibrosis*.

However, the detection and mechanistic understanding of early cardiac dysfunction associated with patho-
logical remodelling, has been a major challenge for several decades of research®*. STE-based strain analysis
provides an attractive tool for the assessment of global cardiac function and allows the detection of subtle changes
in tissue deformation. As such, recent guidelines for diagnosis of heart failure include the assessment of GLS’.
However, the link between myocardial deformation and underlying changes in structural proteins in the context
of diabetic cardiomyopathy is still little explored. Only a few studies>?** have determined global LV function
via strain parameters in the context of experimental diabetic cardiomyopathy so far. Therefore, the aim of our
study was to evaluate myocardial deformation in combination with the underlying changes in the expression
of structural components during the pathogenesis of STZ-induced type 1 diabetes mellitus-associated diabetic
cardiomyopathy.

Here, we observed an impairment of GLS and GLS rate after STZ application, which is consistent with findings
in patients suffering from heart failure with preserved ejection fraction!® and diabetes mellitus'*. Additionally
performed regional peak strain analysis implicated that these changes in GLS, which were the most prominent
at 9w, were probably caused by less myocardial contraction of the anterior and/or posterior base. Supporting the
recently proposed hypothesis that a loss in longitudinal deformation behaviour is compensated by improved
circumferential deformation behaviour!®, we detected an enhancement in GCS and GCS rate in 6w and 12w STZ
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Figure 4. STZ-induced type 1 diabetes mellitus modulates collagen I deposition and cross-linking in a time-
dependent manner. 6w, 9w, and 12w after diabetes induction, Collal mRNA (a) and collagen I protein levels
(b) were investigated. Immunohistological staining is shown by representative images (scale bar =200 pm;
middle panel). To further characterize cardiac fibrosis, collagen I/III protein ratio (c), Lox (d), and LoxL-2 (e)
gene expression were measured. Additionally, mRNA levels of MMP-8, MMP-13, and TIMP-1 were detected
(f-h). Quantification of the positive area (%)/HA (mm?) was performed via digital image analysis. Bar graphs
represent the mean & SEM. Data were analysed with One-way ANOVA or Kruskal-Wallis test (*p < 0.05;
*kp < 0.01, ##*p < 0.001, ***p < 0 0001 versus corresponding control 'p <0.05, T'p < 0.01, "p <0. 001

controls and n=>5-6/STZ).

mice. In contrast, GCS and GCS rate of 9w STZ mice were reduced relative to 6w and 12w STZ mice, and this
effect was paralleled by a lack of changes in segmental contraction. Interestingly, Shepherd and colleagues, who
also used a STE-based approach, detected no change in GLS in 6w STZ mice, whereas GCS, global radial peak
strain and subsequently strain rates were reduced?. In contrast to our study, in which we performed quantitative
analysis on each of the 6 single segments, Shepherd and colleagues grouped the long- and short axis images only
into 2 segments, which disables a direct comparison between the studies. However, we believe that by the group-
ing of segments, the added value of the regional analysis, which is actually the advantage of this method, goes lost.
Therefore, we are not surprised that the authors only reported regional changes of the global radial peak strain,
but not of the GLS. In addition to GLS and GCS, we also investigated DWS as a marker of diastolic function.
Non-invasive assessment of LV wall stiffness in experimental models was first established by Takeda et al.>> who
reported an inverse correlation of DWS with myocardial stiffness. Despite the lack of correlation in larger patient
cohorts?, reduced DWS may be associated with a decreased diastolic function?, which has been confirmed by
our findings.

As first stated by Greenbaum and colleagues in 1981°, the LV consists of longitudinal and circumferen-
tial fibres, with GLS being mainly determined by contraction of longitudinal fibres®. For diabetes mellitus, it
is hypothesized that longitudinal fibres are more affected by extracellular matrix turnover'. In our study, we
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Figure 5. STZ-induced type 1 diabetes mellitus is associated with alterations in proteins indicative for
contractile function in a region- and time-dependent manner using IMS. (a) Principal component analysis from
LV tissues at 6w, 9w, and 12w after diabetes induction, clearly distinguished between STZ and control mice. (b)
Principal component analysis of STZ 6w versus 9w, and 12w showed differences of in the intensity distribution
within the STZ group. (c) H/E staining of control (left panel; scale bar = 1 mm) and STZ (right panel) mice with
the corresponding spatial intensity distribution of 976 Da (cardiac a-actin), 1396 Da (myosin light chain 3),
1026 Da (mitochondrial ATP synthase subunit alpha) and 1503 Da (Titin).

detected a reduction in GLS, which is mainly determined by longitudinal fibres. In parallel, collagen I deposition
was increased at 9w STZ. Interestingly, we observed less collagen I at 12w post-STZ compared to 9w STZ, paral-
leled by lower Lox and LoxL2 levels, as markers for collagen cross-linking®. The reduction in collagen at 12w STZ
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ROC[AUC] | p-value 6w | ROC [AUC] | p-value 9w | ROC [AUC] | p-value 12w
Centroid 6w STZ vs. STZvs. 6w | 9w STZ vs. STZvs. 9w | 12wSTZvs. | STZvs. 12w
[m/z] +[Da] | 6w Control | Control 9w Control | Control 12w Control | Control Mr IMS LC-MS A\ [Da] protein name
976.569 0.27 0.683099 <0.01 0.171841 <0.01 0.323569 <0.01 975.5617 975.4410 0.120691643
1500.603 0.27 0.643767 <0.01 0.151043 <0.01 0.309509 <0.01 1499.5957 | 1499.7004 | —0.104770521
1956.061 0.27 0.780955 <0.01 0.277548 <0.01 0.370325 <0.01 1955.0537 | 1955.0363 0.017307909 a-actin
2227.932 0.27 0.807939 <0.01 0.307902 <0.01 0.314609 <0.01 2226.9247 | 2227.0579 | —0.133232170
2244.940 0.27 0.690501 <0.01 0.248110 <0.01 0.336561 <0.01 2243.9327 | 2243.0528 0.879852830
1396.660 0.27 0.785575 <0.01 0.216586 <0.01 0.261510 <0.01 1395.6527 | 1395.7470 | —0.094326783
1501.683 0.27 0.752211 <0.01 0.235596 <0.01 0.352482 <0.01 1500.6757 | 1500.6732 0.002447283 myosin light chain 3
1722.797 0.27 0.719975 <0.01 0.377262 <0.01 0.357083 <0.01 1721.7897 | 1721.8406 | —0.050969172
1026516 | 027 | 0.631519 <0.01 0327338 <0.01 0.350877 <0.01 10255087 | 1025.5869 | —0.078244313 | itochondrial ATP
1575.657 0.27 0.678074 <0.01 0.391201 <0.01 0.407280 >0.05 1574.6497 | 1574.7787 | —0.129080421 synthase
979.539 0.27 0.580183 >0.05 0.383627 <0.01 0.468888 >0.05 978.5317 978.5385 | —0.006897137 .
1503.572 0.27 0.520056 >0.05 0.362746 <0.01 0.447791 >0.05 1502.5647 | 1502.7365 | —0.171821676 Titin

Table 1. ROC analysis of the intensity distribution from MALDI-IMS-derived identified proteins.
Peptides with lowest mass difference to the LC-MS/MS reference list value and with similar discrimination
characteristics were assumed as a match.

per se is contradictory to already published studies, reporting higher collagen levels>***!. Only one study, inves-
tigating the effect of thioredoxin-interacting protein, reported less myocardial collagen at 16w STZ compared to
controls”. But alterations in extracellular matrix, especially collagen, are not only determined by production and
cross-linking, but also by degradation. Extracellular matrix degradation is predominantly regulated by MMPs,
which are counteracted by TIMPs. Several studies have previously connected the dysregulation in MMPs/TIMPs
and subsequent collagen deposition in STZ-induced type 1 diabetes mellitus-associated diabetic cardiomyopa-
thy with an impairment of myocardial function®*. With respect to our study, changes in cardiac MMP-8 and
MMP-13 gene expression levels were observed after STZ application, suggesting a time-dependent modulation
in collagen degradation.

Recently, we have demonstrated layer-specific changes in extracellular matrix proteins, which resulted in
layer-specific changes of strain parameters in an experimental model of isolated subendocardial fibrosis*. Based
on these findings, IMS was applied to further investigate global and regional-dependent changes in cardiac pro-
tein signature. In accordance to previous proteome analysis in experimental type 1% and type 2 diabetes*’, we
detected alterations in intensity distribution of proteins, which are associated with cardiac energy metabolism
and contractile function and play a crucial role in the progression of diabetic cardiomyopathy*!. The higher dis-
tribution of a-actin, myosin light chain 3, ATP synthase, and titin in 6w STZ mice compared to control animals,
might be a compensatory mechanism to counteract the reduced GLS and could hypothetically be reflected in the
increased GCS. Similar observations were made in cardiac contractility modulation patients, where improved
cardiac function was associated with an increased expression of contractile proteins, including myosin light
chain and titin*2. In contrast to that, the intensity distribution of all mentioned protein signatures was reduced in
9w STZ mice versus controls, which was paralleled by an increased collagen I/III ratio. These changes probably
underlie the impaired GCS and GLS, indicative for reduced myocardial deformation behaviour. At 12w post-STZ,
mice exhibited decreased myocardial a-actin, myosin light chain 3, and ATP synthase levels compared to con-
trols. Nevertheless, titin was unaffected in 12w STZ mice, which might be an explanation for the lack of significant
improvement in GCS compared to the respective controls, whereas GCS at 12w post-STZ was increased relative
to 9w post-STZ.

Future directions and limitations. Given the high sensitivity of STE-derived myocardial deformation
data (global peak strain and global peak strain rate), this technique is recommended as a non-invasive diagnostic
method for extensive clinical use****. Both data allow the early detection of myocardial dysfunction of different
aetiologies and provide prognostic information. They are easy to acquire for a trained expert in echocardiography
and helpful for therapeutic decision making and follow-up examinations. Despite these valuable advantages,
clinical application of STE is still challenging®. Only standardization of measurements, continued training, and
quality assurance ensure less measurement differences between various vendors/observers and allow an accurate
interpretation. To date, STE-derived myocardial deformation data only in conjunction with other parameters,
such as ejection fraction, are used for clinical decision making. The combination of STE with IMS allows time-
and region-dependent alterations on molecular and functional outcome in the pathogenesis of STZ-induced type
1 diabetic cardiomyopathy. Especially, since it was not expected to see this specific cardiac phenotype found at
12w post STZ, including a decrease in collagen content, in comparison to the 9w and 6w post STZ time points.
With respect to the existing literature, our findings are contradictory and were only confirmed by Myers et al.¥’.
This discrepancy in findings might be explained by the STZ model. Even if the STZ-induced type 1 diabetes
mellitus model is considered as the standard model for experimental type 1 diabetic cardiomyopathy, it should
be taken into account that STZ is a chemical cytotoxic glucose analogue®. In this sense, the STZ-induced type
1 diabetes mellitus model can be regarded as a model of secondary (toxic) diabetes mellitus, which differs from
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human type 1 diabetes mellitus, which is an autoimmune disorder*®*’. Furthermore, since no uniform protocol
to induce type 1 diabetes mellitus in rodents exists*®*, this consequently results in different severities of experi-
mental diabetic cardiomyopathy (e.g. rats display a more severe phenotype compared to mice), which ultimately
leads to a poor comparability of experimental type 1 diabetes mellitus models in rodents. This highlights the need
for comprehensive cardiac phenotyping in the context of experimental diabetic cardiomyopathy and supports the
value of our study.

Conclusions

This experimental study in an early stage model of type 1 diabetes mellitus-associated diabetic cardiomyopa-
thy illustrates the strengths of two-dimensional STE to detect subtle, segmental changes in LV deformation
important for the early diagnosis of diabetic cardiomyopathy and, in general, to assess ongoing cardiac remod-
elling processes. The combination of STE with IMS, allowing the respective assessment of region-dependent
functionality and protein expression, is unique in its kind. We are the first to our knowledge combining both
imaging techniques. The present study illustrates that during the development of STZ-induced type 1 diabetes
mellitus-associated diabetic cardiomyopathy the expression of structural and contractile proteins shifts in a time-
and region-dependent manner.

Methods

Animals. Type 1 diabetes mellitus was induced in eight-week-old male C57BL6/j mice (Charles Rivers,
Sulzfeld, Germany) via intraperitoneal injection of STZ (50 mg/kg body weight; Sigma-Aldrich, Taufkirchen,
Germany, n=14) on 5 consecutive days*. In parallel, controls received the appropriate volume of 0.1 mol/L
sodium citrate (n = 12). Blood glucose measurements using the Accu-Chek Aviva® (Roche Diabetes Care
Deutschland GmbH, Mannheim, Germany) were performed one week before STZ application and afterwards
once a w to confirm hyperglycemia after 4 hours (h) fasting. Mice were group housed under standard housing
conditions (12 h light/dark cycle, 50-70% humidity, 19-21 °C) within a specific pathogen free facility with food
and water ad libitum. Cages were enriched with houses, bedding material, and gnawing sticks. All investigations
were performed in accordance with to the European legislation for animal welfare (Directive 2010/63/EU) and
approved by the local ethics committee (Landesamt fiir Gesundheit und Soziales, Berlin, G0254/13).

Echocardiography. Six, 9, and 12w after type 1 diabetes mellitus induction, echocardiographic measure-
ments were performed using a Vevo 3100 Imaging System coupled to a 30-MHz linear-frequency transducer
(FUJIFILM VisualSonics, Toronto, ON, Canada). According to our previously published standard operating pro-
tocol®, mice were anesthetized with isoflurane (Abbott Laboratories, Abbott Park, IL, USA) and fixed in a supine
position. To obtain constant heart rates, isoflurane concentrations were reduced to 1-2%. Next, mice were depil-
ated using hair-removal créme, and pre-warmed ultrasound gel (Parker Laboratories, Fairfield, NJ, USA) was
placed on the chest. B- and M-Mode images were acquired in parasternal long axis and short axis view. A trained
expert in small animal echocardiography performed STE analysis of the B-Mode images in a semiautomatic man-
ner using the VevoStrain software package (FUJIFILM VisualSonics), as reported previously?’. Determination of
cardiac systolic function was performed in a semiautomatic manner from the respective B-mode images (long
axis view) using the monoplane Simpson method of disks. To calculate LV dimensions and LV mass, the acquired
M-Mode images of the parasternal long axis view were used. In detail, three independent M-Mode images and
3 cardiac cycles were analysed. To determine diastolic function, DWS was calculated as previously described?’.

Tissue preparation for molecular investigations. To examine gene and protein expression, an addi-
tional set of experiments was performed. To this end, type 1 diabetes mellitus was induced as mentioned above.
At the respective time points (6w, 9w, and 12w after STZ application or control treatment), 5-6 mice/group were
euthanized via cervical dislocation and the LV was excised, immediately snap frozen in liquid nitrogen and stored
at —80°C until further processing. To confirm characteristics of the echocardiographic set, blood glucose levels,
body weight, LV weight and LV weight/body weight ratio derived from the second set of animals were depicted
(Supplemental Fig. 3).

RNA isolation and gene expression analyses from heart tissue. LV RNA was isolated using the
TRIzol® method, as described in detail elsewhere®. According to manufacturer’s protocol, the RNA pellet
was purified with the RNeasy Mini Kit (Qiagen, Hilden, Germany) and subsequently transcribed into cDNA
using the High Capacity Kit (life Technologies, Darmstadt, Germany). Real-time PCR was performed using
the following gene expression assays (all provided by Applied Biosystems, Darmstadt, Germany): Collal
(Mm01302043_g1), Lox (MmO00495386_m1), LoxL-2 (Mm00804740_m1), MMP-8 (Mmo00439509_m1), MMP-
13 (MmO00439491_m1), and TIMP-1 (Mm00441818_m1). Gene expression levels were normalized towards
CDKN1b (Mm00438167_gl) and expressed as the n-fold change to the respective control group, set as 1.

Immunohistology. Frozen LV were embedded in Tissue-Tek (Sakura, Staufen, Germany) for cryosectioning
and subsequent staining. As described previously®', specific antibodies directed against Collagen I (Chemicon,
Limburg/Lahn, Germany) and Collagen III (Merck Millipore, Darmstadt, Germany) were used. Quantitative
analysis of the positive area (%)/heart area (HA; mm?) was performed by digital image analysis on a Leica
DM2000 light microscope (Leica Microsystems, Wetzlar, Germany) at 100 x magnification.

Left ventricular proteome analysis by MALDI-Imaging mass spectrometry. MALDI-IMS was
performed as previously described®. In brief, formalin-fixed paraffin embedded (FFPE) LV sections of 6 um were
transferred onto Indium-Tin-Oxide slides (Bruker Daltonik, Bremen, Germany), dewaxed and passed through
decreasing concentrations of ethanol®®. Next, trypsin solution was applied onto the sections via an automated

SCIENTIFIC REPORTS |

(2020) 10:3629 | https://doi.org/10.1038/s41598-020-60594-2


https://doi.org/10.1038/s41598-020-60594-2

www.nature.com/scientificreports/

spraying device (ImagePrep; Bruker Daltonik) for 3h incubation (37 °C; moist chamber). Finally, matrix solution
(a-cyano-4-hydroxycinnamic acid) was applied using ImagePrep. For MALDI-IMS data acquisition, the positive
ion reflector mode on an MALDI-TOF/MS (Autoflex III; Bruker Daltonik) was used. The corresponding detection
range and raster width were set as 800-3500 Da and 100 pum, respectively. After MALDI-IMS experiments, tissue
sections were stained with haematoxylin and eosin (H/E) to define the region of interest. As previously reported™,
m/z values were identified via complementary protein identification using the “bottom-up”-nano liquid chroma-
tography (Dionex Ultimate 3000, Thermo fischer) - MS/MS (ESI-QTOF; Bruker Daltonik) approach. Mass spectra
were analysed using the mascot search engine (version 2.4, MatrixScience, UK) searching the UniProt database.
To this end, the following parameters were set: (i) taxonomy: mus musculus (ii) proteolytic enzyme: trypsin, (iii)
peptide tolerance: 10 ppm, (iv) maximum of accepted missed cleavages: 1, (v) peptide charge: 2+, 3+, 4+; (vi)
variable modification: oxidation (M); (vii) MS/MS tolerance: 0.05 Da, and (viii) MOWSE score > 25. Identification
of MALDI-IMS m/z values by using an LC-MS/MS reference list requires the accordance of more than one peptide
(mass differences <0.9 Da) to subsequently correctly assign the corresponding protein®.

Statistical analysis. All Data are expressed as mean + SEM and statistical analysis was performed using the
GraphPad Prism 8 Software (GraphPad Software, La Jolla, CA, USA). Differences between the groups were assessed
using the One-way ANOVA (Fisher s LSD post hoc test) or Kruskal-Wallis Test (Dunn s post hoc test) and consid-
ered significant at a value of p < 0.05. For IMS-proteome data, statistical analysis was performed using the SCiLS Lab
software (Version 2015b, SCiLS GmbH, Bremen, Germany), as described before®. To define common molecular fea-
tures among the sample sets, unsupervised multivariate principal component analysis for mass spectra was applied
for each time point separately. The mesoderm was defined at the corresponding H/E staining as region of interest
from STZ as well as controls. Additionally, principal component analysis was performed in the STZ group at the
different time points. A receiver operating characteristic (ROC) analysis was performed pairwise (STZ vs control)
to identify discriminating properties (peptides) in the mesoderm of LV tissue specimens at 6w, 9w, and 12w after
type 1 diabetes mellitus induction. For those peaks with a ROC score of AUC > 0.6 or <0.4, a univariate hypothesis
test (Wilcoxon rank sum test) was used to ensure the statistical significance of m/z values. Results with significant
differences (p-value <0.01) in the Wilcoxon test were assumed to be potential markers.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 23 September 2019; Accepted: 6 February 2020;
Published online: 27 February 2020

References

1. Kannel, W. B. & McGee, D. L. Diabetes and cardiovascular disease. The Framingham study. JAMA 241, 2035-2038, https://doi.
org/10.1001/jama.241.19.2035 (1979).

2. Linthout, S. V., Spillmann, F, Schultheiss, H. P. & Tschope, C. Effects of mesenchymal stromal cells on diabetic cardiomyopathy.
Curr. Pharm. Des. 17, 3341-3347, https://doi.org/10.2174/138161211797904163 (2011).

3. Westermann, D. et al. Inhibition of p38 mitogen-activated protein kinase attenuates left ventricular dysfunction by mediating pro-
inflammatory cardiac cytokine levels in a mouse model of diabetes mellitus. Diabetologia 49, 2507-2513, https://doi.org/10.1007/
500125-006-0385-2 (2006).

4. Van Linthout, S. et al. Placenta-Derived Adherent Stromal Cells Improve Diabetes Mellitus-Associated Left Ventricular Diastolic
Performance. Stem Cell Transl. Med. 6, 2135-2145, https://doi.org/10.1002/sctm.17-0130 (2017).

5. Matyas, C. et al. Comparison of speckle-tracking echocardiography with invasive hemodynamics for the detection of characteristic
cardiac dysfunction in type-1 and type-2 diabetic rat models. Cardiovasc. Diabetol. 17, 13, https://doi.org/10.1186/s12933-017-
0645-0 (2018).

6. Greenbaum, R. A., Ho, S. Y., Gibson, D. G., Becker, A. E. & Anderson, R. H. Left ventricular fibre architecture in man. Br. Heart J. 45,
248-263, https://doi.org/10.1136/hrt.45.3.248 (1981).

7. Sengupta, P. P. et al. Left ventricular form and function revisited: applied translational science to cardiovascular ultrasound imaging.
J. Am. Soc. Echocardiogr. 20, 539-551, https://doi.org/10.1016/j.ech0.2006.10.013 (2007).

8. Mor-Avi, V. et al. Current and evolving echocardiographic techniques for the quantitative evaluation of cardiac mechanics: ASE/
EAE consensus statement on methodology and indications endorsed by the Japanese Society of Echocardiography. Eur. J.
Echocardiogr. 12, 167-205, https://doi.org/10.1093/ejechocard/jer021 (2011).

9. Ponikowski, P. et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the
diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC)Developed with the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 37, 2129-2200, https://doi.org/10.1093/eurheartj/
ehw128 (2016).

10. Lang, R. M. et al. Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 28,1-39
el4, https://doi.org/10.1016/j.echo.2014.10.003 (2015).

11. Kasner, M. et al. The utility of speckle tracking imaging in the diagnostic of acute myocarditis, as proven by endomyocardial biopsy.
Int. J. Cardiol. 168, 3023-3024, https://doi.org/10.1016/j.ijcard.2013.04.016 (2013).

12. Kasner, M. et al. Multimodality imaging approach in the diagnosis of chronic myocarditis with preserved left ventricular ejection
fraction (MCpEF): The role of 2D speckle-tracking echocardiography. Int. J. Cardiol. 243, 374-378, https://doi.org/10.1016/].
ijcard.2017.05.038 (2017).

13. Mizuguchi, Y. et al. The functional role of longitudinal, circumferential, and radial myocardial deformation for regulating the early
impairment of left ventricular contraction and relaxation in patients with cardiovascular risk factors: a study with two-dimensional
strain imaging. J. Am. Soc. Echocardiogr. 21, 1138-1144, https://doi.org/10.1016/j.ech0.2008.07.016 (2008).

14. Jedrzejewska, L. et al. Left and right ventricular systolic function impairment in type 1 diabetic young adults assessed by 2D speckle
tracking echocardiography. Eur. Heart J. Cardiovasc. Imaging 17, 438-446, https://doi.org/10.1093/ehjci/jev164 (2016).

15. Cikes, M. & Solomon, S. D. Beyond ejection fraction: an integrative approach for assessment of cardiac structure and function in
heart failure. Eur. Heart ]. 37, 1642-1650, https://doi.org/10.1093/eurheartj/ehv510 (2016).

SCIENTIFIC REPORTS |

(2020) 10:3629 | https://doi.org/10.1038/s41598-020-60594-2


https://doi.org/10.1038/s41598-020-60594-2
https://doi.org/10.1001/jama.241.19.2035
https://doi.org/10.1001/jama.241.19.2035
https://doi.org/10.2174/138161211797904163
https://doi.org/10.1007/s00125-006-0385-2
https://doi.org/10.1007/s00125-006-0385-2
https://doi.org/10.1002/sctm.17-0130
https://doi.org/10.1186/s12933-017-0645-0
https://doi.org/10.1186/s12933-017-0645-0
https://doi.org/10.1136/hrt.45.3.248
https://doi.org/10.1016/j.echo.2006.10.013
https://doi.org/10.1093/ejechocard/jer021
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.ijcard.2013.04.016
https://doi.org/10.1016/j.ijcard.2017.05.038
https://doi.org/10.1016/j.ijcard.2017.05.038
https://doi.org/10.1016/j.echo.2008.07.016
https://doi.org/10.1093/ehjci/jev164
https://doi.org/10.1093/eurheartj/ehv510

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Fang, Z. Y., Leano, R. & Marwick, T. H. Relationship between longitudinal and radial contractility in subclinical diabetic heart
disease. Clin. Sci. 106, 53-60, https://doi.org/10.1042/CS20030153 (2004).

Asbun, J. & Villarreal, F. ]. The pathogenesis of myocardial fibrosis in the setting of diabetic cardiomyopathy. J. Am. Coll. Cardiol. 47,
693-700, https://doi.org/10.1016/j.jacc.2005.09.050 (2006).

Weber, K. T., Brilla, C. G. & Janicki, J. S. Myocardial fibrosis: functional significance and regulatory factors. Cardiovasc. Res. 27,
341-348 (1993).

Polyakova, V. et al. Fibrosis in endstage human heart failure: severe changes in collagen metabolism and MMP/TIMP profiles. Int. J.
Cardiol. 151, 18-33, https://doi.org/10.1016/j.ijcard.2010.04.053 (2011).

Beyhof, N. et al. Application of Speckle-Tracking Echocardiography in an Experimental Model of Isolated Subendocardial Damage.
J. Am. Soc. Echocardiogr. 30, 1239-1250 e1232, https://doi.org/10.1016/j.ech0.2017.08.006 (2017).

Waddingham, M. T. et al. Contractile apparatus dysfunction early in the pathophysiology of diabetic cardiomyopathy. Worid J.
Diabetes 6, 943-960, https://doi.org/10.4239/wjd.v6.i7.943 (2015).

Hamdani, N. et al. Myocardial titin hypophosphorylation importantly contributes to heart failure with preserved ejection fraction
in a rat metabolic risk model. Circ. Heart Fail. 6, 1239-1249, https://doi.org/10.1161/CIRCHEARTFAILURE.113.000539 (2013).
Ng, H. H. et al. Serelaxin treatment reverses vascular dysfunction and left ventricular hypertrophy in a mouse model of Type 1
diabetes. Sci. Rep. 7, 39604, https://doi.org/10.1038/srep39604 (2017).

Shepherd, D. L. et al. Early detection of cardiac dysfunction in the type 1 diabetic heart using speckle-tracking based strain imaging.
J. Mol. Cell Cardiol. 90, 74-83, https://doi.org/10.1016/j.yjmcc.2015.12.001 (2016).

Takeda, Y. et al. Noninvasive assessment of wall distensibility with the evaluation of diastolic epicardial movement. J. Card. Fail. 15,
68-77, https://doi.org/10.1016/j.cardfail. 2008.09.004 (2009).

Ohtani, T. et al. Diastolic stiffness as assessed by diastolic wall strain is associated with adverse remodelling and poor outcomes in
heart failure with preserved ejection fraction. Eur. Heart J. 33, 1742-1749, https://doi.org/10.1093/eurheartj/ehs135 (2012).
Selvaraj, S. et al. Diastolic wall strain: a simple marker of abnormal cardiac mechanics. Cardiovasc. Ultrasound 12, 40, https://doi.
org/10.1186/1476-7120-12-40 (2014).

Nielsen, L. B., Bartels, E. D. & Bollano, E. Overexpression of apolipoprotein B in the heart impedes cardiac triglyceride accumulation and
development of cardiac dysfunction in diabetic mice. J. Biol. Chem. 277, 27014-27020, https://doi.org/10.1074/jbc.M203458200 (2002).
Lafleur, M. A., Handsley, M. M. & Edwards, D. R. Metalloproteinases and their inhibitors in angiogenesis. Expert. Rev. Mol. Med. 5,
1-39, https://doi.org/10.1017/S1462399403006628 (2003).

Van Linthout, S. et al. Anti-inflammatory effects of atorvastatin improve left ventricular function in experimental diabetic
cardiomyopathy. Diabetologia 50, 1977-1986, https://doi.org/10.1007/s00125-007-0719-8 (2007).

Van Linthout, S. et al. Reduced MMP-2 activity contributes to cardiac fibrosis in experimental diabetic cardiomyopathy. Basic. Res.
Cardiol. 103, 319-327, https://doi.org/10.1007/s00395-008-0715-2 (2008).

Van Linthout, S. ef al. Human apolipoprotein A-I gene transfer reduces the development of experimental diabetic cardiomyopathy.
Circulation 117, 1563-1573, https://doi.org/10.1161/CIRCULATIONAHA.107.710830 (2008).

Tschope, C. & Lam, C. S. Diastolic heart failure: What we still don’t know. Looking for new concepts, diagnostic approaches, and the
role of comorbidities. Herz 37, 875-879, https://doi.org/10.1007/s00059-012-3719-5 (2012).

Tschope, C. et al. Heart failure with preserved ejection fraction: current management and future strategies: Expert opinion on the
behalf of the Nucleus of the “Heart Failure Working Group” of the German Society of Cardiology (DKG). Clin. Res. Cardiol. 107,
1-19, https://doi.org/10.1007/s00392-017-1170-6 (2018).

Li, R.]. et al. Speckle tracking echocardiography in the diagnosis of early left ventricular systolic dysfunction in type II diabetic mice.
BMC Cardiovasc. Disord. 14, 141, https://doi.org/10.1186/1471-2261-14-141 (2014).

Yang, J. et al. Targeting LOXL2 for cardiac interstitial fibrosis and heart failure treatment. Nat. Commun. 7, 13710, https://doi.
org/10.1038/ncomms13710 (2016).

Myers, R. B. et al. Deletion of thioredoxin-interacting protein improves cardiac inotropic reserve in the streptozotocin-induced
diabetic heart. Am. J. Physiol. Heart Circ. Physiol 310, H1748-1759, https://doi.org/10.1152/ajpheart.00051.2016 (2016).

Lu, L. et al. Dysregulation of matrix metalloproteinases and their tissue inhibitors is related to abnormality of left ventricular
geometry and function in streptozotocin-induced diabetic minipigs. Int. J. Exp. Pathol. 89, 125-137, https://doi.
org/10.1111/j.1365-2613.2008.00579.x (2008).

Cong, W. et al. Metallothionein prevents cardiac pathological changes in diabetes by modulating nitration and inactivation of
cardiac ATP synthase. J. Nutr. Biochem. 25, 463-474, https://doi.org/10.1016/j.jnutbio.2013.12.007 (2014).

Cruz-Topete, D, List, E. O., Okada, S., Kelder, B. & Kopchick, J. ]. Proteomic changes in the heart of diet-induced pre-diabetic mice.
J. Proteom. 74, 716-727, https://doi.org/10.1016/j.jprot.2011.02.018 (2011).

Fang, Z.Y., Prins, J. B. & Marwick, T. H. Diabetic cardiomyopathy: evidence, mechanisms, and therapeutic implications. Endocr. Rev.
25, 543-567, https://doi.org/10.1210/er.2003-0012 (2004).

Tschope, C. et al. Cardiac contractility modulation signals improve exercise intolerance and maladaptive regulation of cardiac key
proteins for systolic and diastolic function in HFpEE Int. J. Cardiol. 203, 1061-1066, https://doi.org/10.1016/j.ijjcard.2015.10.208 (2016).
Dandel, M., Lehmkuhl, H., Knosalla, C., Suramelashvili, N. & Hetzer, R. Strain and strain rate imaging by echocardiography - basic
concepts and clinical applicability. Curr. Cardiol. Rev. 5, 133-148, https://doi.org/10.2174/157340309788166642 (2009).

Opdahl, A., Helle-Valle, T., Skulstad, H. & Smiseth, O. A. Strain, strain rate, torsion, and twist: echocardiographic evaluation. Curr.
Cardiol. Rep. 17, 568, https://doi.org/10.1007/s11886-015-0568-x (2015).

Collier, P, Phelan, D. & Klein, A. A Test in Context: Myocardial Strain Measured by Speckle-Tracking Echocardiography. J. Am. Coll.
Cardiol. 69, 1043-1056, https://doi.org/10.1016/j.jacc.2016.12.012 (2017).

Lenzen, S. The mechanisms of alloxan- and streptozotocin-induced diabetes. Diabetologia 51, 216-226, https://doi.org/10.1007/
$00125-007-0886-7 (2008).

Eleazu, C. O,, Eleazu, K. C., Chukwuma, S. & Essien, U. N. Review of the mechanism of cell death resulting from streptozotocin
challenge in experimental animals, its practical use and potential risk to humans. J. Diabetes Metab. Disord. 12, 60, https://doi.
org/10.1186/2251-6581-12-60 (2013).

Bugger, H. & Abel, E. D. Rodent models of diabetic cardiomyopathy. Dis. Model. Mech. 2, 454-466, https://doi.org/10.1242/
dmm.001941 (2009).

Radenkovic, M., Stojanovic, M. & Prostran, M. Experimental diabetes induced by alloxan and streptozotocin: The current state of
the art. J. Pharmacol. Toxicol. Methods 78, 13-31, https://doi.org/10.1016/j.vascn.2015.11.004 (2016).

Savvatis, K. et al. Mesenchymal stromal cells but not cardiac fibroblasts exert beneficial systemic immunomodulatory effects in
experimental myocarditis. PLoS One 7, €41047, https://doi.org/10.1371/journal.pone.0041047 (2012).

Savvatis, K. et al. Interleukin-6 receptor inhibition modulates the immune reaction and restores titin phosphorylation in
experimental myocarditis. Basic. Res. Cardiol. 109, 449, https://doi.org/10.1007/s00395-014-0449-2 (2014).

Klein, O. et al. Imaging Mass Spectrometry for Characterization of Atrial Fibrillation Subtypes. Proteomics Clin Appl, 1700155,
https://doi.org/10.1002/prca.201700155 (2018).

Casadonte, R. & Caprioli, R. M. Proteomic analysis of formalin-fixed paraffin-embedded tissue by MALDI imaging mass
spectrometry. Nat. Protoc. 6, 1695-1709, https://doi.org/10.1038/nprot.2011.388 (2011).

Cillero-Pastor, B. & Heeren, R. M. Matrix-assisted laser desorption ionization mass spectrometry imaging for peptide and protein
analyses: a critical review of on-tissue digestion. J. Proteome Res. 13, 325-335, https://doi.org/10.1021/pr400743a (2014).

SCIENTIFIC REPORTS |

(2020) 10:3629 | https://doi.org/10.1038/s41598-020-60594-2


https://doi.org/10.1038/s41598-020-60594-2
https://doi.org/10.1042/CS20030153
https://doi.org/10.1016/j.jacc.2005.09.050
https://doi.org/10.1016/j.ijcard.2010.04.053
https://doi.org/10.1016/j.echo.2017.08.006
https://doi.org/10.4239/wjd.v6.i7.943
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000539
https://doi.org/10.1038/srep39604
https://doi.org/10.1016/j.yjmcc.2015.12.001
https://doi.org/10.1016/j.cardfail.2008.09.004
https://doi.org/10.1093/eurheartj/ehs135
https://doi.org/10.1186/1476-7120-12-40
https://doi.org/10.1186/1476-7120-12-40
https://doi.org/10.1074/jbc.M203458200
https://doi.org/10.1017/S1462399403006628
https://doi.org/10.1007/s00125-007-0719-8
https://doi.org/10.1007/s00395-008-0715-2
https://doi.org/10.1161/CIRCULATIONAHA.107.710830
https://doi.org/10.1007/s00059-012-3719-5
https://doi.org/10.1007/s00392-017-1170-6
https://doi.org/10.1186/1471-2261-14-141
https://doi.org/10.1038/ncomms13710
https://doi.org/10.1038/ncomms13710
https://doi.org/10.1152/ajpheart.00051.2016
https://doi.org/10.1111/j.1365-2613.2008.00579.x
https://doi.org/10.1111/j.1365-2613.2008.00579.x
https://doi.org/10.1016/j.jnutbio.2013.12.007
https://doi.org/10.1016/j.jprot.2011.02.018
https://doi.org/10.1210/er.2003-0012
https://doi.org/10.1016/j.ijcard.2015.10.208
https://doi.org/10.2174/157340309788166642
https://doi.org/10.1007/s11886-015-0568-x
https://doi.org/10.1016/j.jacc.2016.12.012
https://doi.org/10.1007/s00125-007-0886-7
https://doi.org/10.1007/s00125-007-0886-7
https://doi.org/10.1186/2251-6581-12-60
https://doi.org/10.1186/2251-6581-12-60
https://doi.org/10.1242/dmm.001941
https://doi.org/10.1242/dmm.001941
https://doi.org/10.1016/j.vascn.2015.11.004
https://doi.org/10.1371/journal.pone.0041047
https://doi.org/10.1007/s00395-014-0449-2
https://doi.org/10.1002/prca.201700155
https://doi.org/10.1038/nprot.2011.388
https://doi.org/10.1021/pr400743a

www.nature.com/scientificreports/

Acknowledgements

We would like to acknowledge Annika Koschel and Kerstin Puhl (in alphabetic order) for excellent technical
support. This study has been supported by the European 7% Framework Consortium REDDSTAR (Grant:
HEALTH.2012.2.4.3-1) to C.T. U.K. is supported by the German Centre for Cardiovascular Research (DZHK;
BER 5.4 PR). We acknowledge support from the German Research Foundation (DFG) and the Open Access
Publication Funds of Charité - Universititsmedizin Berlin.

Author contributions

K.P. and J.G. wrote the manuscript and substantially contributed to study design, data acquisition including
data analysis and interpretation, and intellectual content. O.K., N.H., ED., M. EI-S. and J.L. contributed to data
acquisition and data analysis. U.K. and W.M.K. revised the manuscript. C.T. coordinated funding and revised the
manuscript. S.V.L. coordinated conception of the study, data interpretation, funding, and revised the manuscript.
All authors revised the manuscript for intellectual content and gave their final approval for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-60594-2.

Correspondence and requests for materials should be addressed to S.V.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:3629 | https://doi.org/10.1038/s41598-020-60594-2


https://doi.org/10.1038/s41598-020-60594-2
https://doi.org/10.1038/s41598-020-60594-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Speckle-tracking echocardiography combined with imaging mass spectrometry assesses region-dependent alterations

	Results

	STZ-induced type 1 diabetes mellitus is associated with impaired morphological parameters. 
	STZ-induced type 1 diabetes mellitus impairs diastolic and systolic function. 
	STZ-induced type 1 diabetes mellitus reduces global peak strain. 
	STZ-induced type 1 diabetes mellitus modulates collagen I deposition and extracellular matrix turnover in a time-dependent  ...
	STZ-induced type 1 diabetes mellitus alters the cardiac proteome in a time-dependent manner. 

	Discussion

	Future directions and limitations. 

	Conclusions

	Methods

	Animals. 
	Echocardiography. 
	Tissue preparation for molecular investigations. 
	RNA isolation and gene expression analyses from heart tissue. 
	Immunohistology. 
	Left ventricular proteome analysis by MALDI-Imaging mass spectrometry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 STZ-induced type 1 diabetes mellitus is associated with impaired morphological parameters.
	Figure 2 STZ-induced type 1 diabetes mellitus reduces diastolic function.
	﻿Figure 3 STZ-induced type 1 diabetes mellitus reduces global peak strain.
	Figure 4 STZ-induced type 1 diabetes mellitus modulates collagen I deposition and cross-linking in a time-dependent manner.
	Figure 5 STZ-induced type 1 diabetes mellitus is associated with alterations in proteins indicative for contractile function in a region- and time-dependent manner using IMS.
	Table 1 ROC analysis of the intensity distribution from MALDI-IMS-derived identified proteins.




