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A B S T R A C T   

H9c2 cardiac cells were incubated under the control condition and at different hyperglycemic and hyper
lipidemic media, and the following parameters were determined and quantified: a) cell death, b) type of cell 
death, and c) changes in cell length, width and height. Of all the proven media, the one that showed the greatest 
differences compared to the control was the medium glucose (G) 33 mM + 500 μM palmitic acid. This condition 
was called the hyperglycemic and hyperlipidemic condition (HHC). Incubation of H9c2 cells in HHC promoted 
5.2 times greater total cell death when compared to the control. Of the total death ofthe HHC cells, 38.6% was 
late apoptotic and 8.3% early apoptotic. HHC also changes cell morphology. 

The reordering of the actin cytoskeleton and cell stiffness was also studied in control and HHC cells. The actin 
cytoskeleton was quantified and the number and distance of actin bundles were not the same in the control as 
under HHC. Young’s modulus images show a map of cell stiffness. Cells incubated in HHC with the reordered 
actin cytoskeleton were stiffer than those incubated in control. The region of greatest stiffness was the peripheral 
zone of HHC cells (where the number of actin bundles was higher and the distance between them smaller). 

Our results suggest a correlation between the reordering of the actin cytoskeleton and cell stiffness. Thus, our 
study showed that HHC can promote morphophysiological changes in rat cardiac cells confirming that gluco-and 
lipotoxicity may play a central role in the development of diabetic cardiomyopathy.   

1. Introduction 

Diabetes mellitus (DM) is one of the most prevalent metabolic dis
orders in the world. The International Diabetes Federation estimated 
that approximately 463 million adults aged 20–79 years suffered DM in 
2019, and this number is expected to increase to 592 million by 2035 
and 642 million by 2040 [1–3]. Data showed that DM caused more than 
4.2 million deaths, and heart failure was a major contributor to the 
cardiovascular morbidity and mortality of these patients [4–6]. Rubler 
et al., 1972 [6] coined the term “diabetic cardiomyopathy” (DC) to 
characterize myocardial dysfunction in diabetic patients in the absence 
of coronary artery disease, hypertrophy, or valvular heart disease. The 
pathophysiology and underlying morphophysiological changes caused 
by heart failure in those patients remain largely unknown [7,8]. It is 
generally accepted and agreed upon that the pathogenesis of DC 

depends on several factors, some of which are autonomic dysfunction, 
metabolic derangements, abnormalities in ion homeostasis, changes in 
structural proteins, and interstitial fibrosis [9,10]. It has been shown 
that an early indication in diabetic myocardial dysfunction is the stiff
ening of the left ventricle [11–13], which is usually attributed to 
myocardial fibrosis and the accumulation of advanced glycation end 
products [14,15] Although, diastolic dysfunction can appear in DC 
before any significant accumulation of collagen [16]. 

Actin is a plentiful and essential cytoskeletal protein in eukaryotic 
cells. It plays an integral role in several cellular processes ranging from 
motility and contraction to intracellular transport, cytokinesis and 
adhesion [17,18]. Furthermore, many reports showed that actin cyto
skeleton has a crucial effect in mechanical properties of different cell 
types [19–24] including cardiomyocytes [25–28]. In agreement with 
this evidence, it was found that live cardiomyocytes isolated from adult 
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diabetic mice were stiffer than their control counterparts, and presented 
a disorganized actin cytoskeleton [29,30]. Additionally, it has been re
ported that diabetes induces differences in the F-actin spatial organi
zation of the heart and skeletal muscles of the mouse [31].These results 
suggest that in DC, as well as in other pathologies like cancer [24,32,33], 
intrinsic mechanical property alterations at the cellular level are an 
important factor to be taken into account when attempting to explain -at 
least partially-the mechanical modifications observed at tissular level 
[28,29,31,33,34]. Moreover, intrinsic mechanical property alterations 
have been observed in other cell types such as vascular smooth muscle 
cells [35] or endothelial cells [21,22]. 

In DC, hyperglycemia and hyperlipidemia produce structural, 
biochemical and physiological alterations leading to major functional 
changes in the myocardium, which can lead to diastolic and systolic 
dysfunction and eventually to heart failure [36–38]. Different animal 
models have been used to study the effect of diabetes on the heart [31, 
39,40]. However, using these models to study the specific effect of hy
perglycemia and hyperlipidemia, separately or synergically, would be 
inappropriate [41,42]. Cell line cultures are a more suitable model to 
carry out these kinds of studies. A widely used model for the study of 
cardiac diseases is the H9c2 cell line [43]. This cell line has been found 
to maintain several of the physiological properties of cardiomyocytes 
[43–48]. Watkins and coworkers compared this cell line with neonatal 
primary cardiomyocytes and proved it is suitable for in vitro studies of 
cardiac diseases that generate hypertrophy [49]. It is a useful model for 
the study of the metabolic capacity of the heart [47], ischemia and 
reperfusion [50] and oxidative stress [51]. Previous studies have shown 
that high concentrations of G (22–33 mM) cause apoptotic cell death in 
adult cardiomyocytes and heart cells [41]. Palmitic acid at a concen
tration of 500 μM has been shown to induce myofibrils degeneration in 
adult cardiomyocytes [53] and apoptosis in neonatal cardiomyocytes 
[54]. In this work, to ascertain the morphophysiological changes that 
hyperglycemic and hyperlipidemic conditions can induce in cardiac 
cells we quantitatively analyzed the spatial changes induced by high G 
concentrations (25 and 33 mM) in the presence or absence of 500 μM 
palmitic acid. Furthermore, in the actin cytoskeleton of H9c2 cells, these 
changes were associated with changes in mechanical properties. The 
present study, to the best of our knowledge, is the first to generate elastic 
images of cardiac cells submitted to HHC and correlate nanomechanical 
changes detected at the cellular level with changes in the actin 
cytoskeleton. 

2. Methods 

2.1. Cell cultures 

The study was conducted on an adherent H9c2 line of rat embryonic 
cardiomyocytes (ATCC, Manassas, VA, USA). Cells were grown on Dul
becco’s Modified Eagle Medium (DMEM, Capricorn Scientific DMEM- 
LPXA) with 10% fetal bovine serum (Capricorn Scientific FBS-11A) at 
37 ◦C with 5% CO2, 100 U/mL of penicillin and 100 g/mL of strepto
mycin were added to prevent contamination. A concentration of 1 × 106 

cells/mL was used divided into 10 cell culture petri dishes of 5 mL each. 
Different ampoules between 10 and 12 cell passages were used and cells 
were investigated at a confluency of 70% (maximum) [41]. 

Low G DMEM (G 5.5 mM) was used as the medium to grow control 
cells, and high G DMEM was used for two hyperglycemic conditions (G 
25 mM and G 33 mM). As a hyperlipidemic medium, 500 μM of Palmitic 
Acid (PA, PO500 Sigma-Aldrich) in a complex with 1% bovine serum 
albumin (BSA, A3675, Sigma-Aldrich) was used. The PA/BSA complex 
was performed as detailed by several authors. Two solutions were pre
pared: Solution 1: Stock solution of 100 mM PA in 0.1 M NaOH at 70 ◦C 
with stirring. Solution 2: BSA solution at 10.5% m/v in distilled water at 
55 ◦C and with stirring. To obtain the PA/BSA complex, 0.5 mL of so
lution 1 was mixed with 9.5 mL of solution 2, obtaining a stock solution 
of 5 mM PA/10% BSA. Subsequently, it was allowed to cool and filtered 

with a millipore membrane (0.22 μm) in a laminar flow chamber. The 
hyperglycemic (25 mM or 33 mM glucose) and hyperlipidemic medium 
was generated by adding 1/10 of the stock solution (5 mM PA/10% 
BSA), to obtain a final concentration of PA of 500 μM/1% BSA [42, 
52–54]. 

2.2. Analysis of cell death induced by high glucose and lipid 
concentrations 

2.2.1. Temporal analysis of cell death 
A temporal analysis of cell death was performed in order to deter

mine the optimal culture time in which the greatest number of cell death 
and morphological changes appear. The HHC at 12, 24, 36, 48, 60 and 
72 h of culture was assessed. The same times to compare cell death in 
HHC were used in control conditions. 

In all the cases the supernatant was collected and the cells were 
removed using trypsin/EDTA (0.05% in PBS 1 X) for 5 min at 37 ◦C. 
Subsequently, resuspended in DMEM low G and placed with the previ
ously collected supernatant. After centrifugation at 800g for 5 min, the 
supernatant was discarded and the pellet was resuspended in PBS 1X. 
Cell viability was analyzed by incubating cells with propidium iodide 
(PI, 2 μg/mL, P4170, Sigma-Aldrich) for 5 min in the dark. Finally, 10 μL 
of the solution was loaded in a Neubauer chamber and the number of 
death and total cells were counted by Epifluorescence Microscopy 
(Olympus IX-81). 200 cells in each group were counted by two in
vestigators independently in three independent experiments. Results 
were expressed as a percentage of cell death. 

2.2.2. Analysis and quantitation of the optimal glucose conditions for the 
study of morphophysiological cell changes 

To analyze the optimal G concentration for the study of morpho
physiological cellular changes, the following conditions were evaluated: 
a) control (G 5.5 mM), b) G 5.5 mM + PA, c) G 25 mM, d) G 25 mM + PA, 
e) G 33 mM, f) HHC at 72 h of culture. In order to exclude a hyper
osmolar effect, a control with 33 mM mannitol (M 33 mM) (M4125, 
Sigma-Aldrich) was included. Cell death quantification was performed 
following the same procedure as temporal analysis. 

2.2.3. Analysis and quantitation of the type of cell death using the triple 
staining technique 

Triple-staining technique was used to determine the type of cell 
death [55,56]. Stock solution (50 μL) contained a) 2.5 μL of PI (1 
mg/mL), b) 7.5 μL of Hoechst 33,342 (1 mg/mL B2261, Sigma-Aldrich), 
c) 4.0 μL of Fluorescein diacetate (FDA, 1.5 mg/mL, F7378, 
Sigma-Aldrich), and d) 36 μL PBS 1X. Control and G 33 mM + PA cells 
(for subsequent studies, G 33 Mm + PA condition was called HHC) were 
grown during 72 h. The supernatant was collected and the cells were 
detached using trypsin/EDTA (0.05% in PBS 1x) for 5 min at 37 ◦C. Then 
the cells were centrifuged with the previously collected supernatant to 
preserve the death cells detached from the substrate. The pellets were 
resuspended in 50 μL PBS 1X, and 5 μL of stock solution was added in 
each case (6 min at room temperature in the dark). 10 μL of each sample 
was analyzed in a Confocal Laser Microscope (CLM, Olympus FV300). 
The cells were classified as vital, early apoptotic, late apoptotic and 
necrotic. The analysis was done in 100 cells, the assays were done per 
triplicate and by two investigators independently. Quantifications were 
represented as a percentage of the total cell death. 

2.3. Cell morphophysiology analysis 

2.3.1. Cell width and length quantitation in the different culture conditions 
Optical microscopy (Nikon Diaphot 300) images were acquired to 

cell width and length measured using Micrometrics SE Premium soft
ware (NIH, USA). The analysis was performed at different times (0, 12, 
24, 36, 48, 60, and 72 h) to the control and HHC cells. The analyses of 
the other conditions were made only at 72 h. An axis was drawn through 
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the two most distal points of each cell, and the distance between those 
two distal points was defined as the cell’s length. In the middle of this 
segment, an axis was drawn perpendicular to the first one. The points 
where this axis intersects the cell’s border were marked. The distance 
between those two points was defined as the cell’s width. The analysis 
was done through independent experiments per triplicate by two inde
pendent collaborators, and 150 cells of each group were analyzed. 

2.3.2. Analysis and quantitation of F-actin spatial organization 
To study F-actin spatial organization images were acquired in the 

mid-focal plane at a resolution of 1024 × 1024, with a 40× objective, 
using CLM (Zeiss 800). Cells were cultivated on coverslips in two groups 
a) control and b) HHC. At 72 h, the cells were fixed in paraformaldehyde 
(PFA) 4% Triton X-100 0.2% (T8787, Sigma-Aldrich) for 10 min at room 
temperature. Cells were washed 3 times with PBS 1X and then incubated 
for 20 min with 6.6 μM phalloidin-rhodamine (R415, Thermofisher) at 
room temperature in the dark. Next, the cells were washed with PBS 1X 
for 3 times, and finally, were mounted with 50% glycerol-DAPI (1 μg/ 
mL, D9542, Sigma-Aldrich). 

To quantify the cell’s length and width, an axis was drawn in the 
length of the cell (cell length) and an axis perpendicular to it in the 
middle of the cell length (cell width). A square of 10 μm × 10 μm was 
made in the axis intersection determining the central area. Two equal 
squares on the distal ends of the longitudinal axis were made to deter
mine the peripheral area. The number of actin bundles and the distance 
between them were quantified in each square. As actin bundles are not 
always parallel to each other, a diagonal line was drawn from the upper 
left corner to the bottom right corner, and the distance between bundles 
was measured along that diagonal. Although most cells were affected by 
HHC, those with a length smaller than 60 μm were used to quantify. 
Three independent experiments were performed and a total of 150 cells 
were analyzed for each condition by two independent collaborators. 

2.3.3. Analysis of cell stiffness maps obtained by atomic force microscopy 
Stiffness, height and error images were obtained by atomic force 

microscopy (AFM, Bioscope Catalyst coupled with an Olympus IX-81). 
Height images contain data of the height changes necessary to keep 
deflection constant during scanning, and allow a high resolution 
reconstruction of the sample’s topography. Error images contain data of 
where the height needed to be corrected, and thus contains better 
definition of the sample’s structure. Bruker’s QNM (Quantitative 
Nanomechanics) modulus was used, which allows the recorded data of 
the applied force and the deformation caused to be used to obtain 
quantitative values of Young’s modulus (KPa) at each point. A DNP-10 
(D) silicon nitride tip from the Brukercompany was used, with a 
radius of 20 nm (according to the manufacturer) and an elastic constant 
of 0.13 N/m (measured in liquid using the Thermal Tune tool). The 
maximum applied force varied between 5 nN and 8 nN. A total of 9 cells 
from each condition were analyzed. Image parameters were set to a 
scanning frequency of 0,125Hz, a resolution of 512 × 512 pixels and a 
scan size that allowed capturing an entire cell (between 100 μm and 150 
μm). Once the entire cell was scanned the image was captured and 
scanning was halted, thus resulting in images that are not square. 

The cells were cultivated in control or HHC for 72 h. The medium 
was removed and they were incubated in the dark with PI (1 μg/mL) for 
5 min at room temperature to analyze only viable cells. The cells were 
washed with PBS 1X and placed in a 37 ◦C degree plate for analysis. 
Squares of 10 μm × 10 μm were made in the central and peripheral areas 
of the cell, similar for the quantitation of F-actin. These squares were 
defined in the error image to colocalize them in Young’s modulus image 
and, thus, extract the modulus values for each pixel using the NanoScope 
Analysis software. Considering that each pixel of the image is a Young’s 
modulus data, between 1200 and 2700 data points were used for each 
cell in each region. The variation in the number of data points is a 
consequence of the variations in scan size, as the scan rate was the same 
for all images. The extracted data were incorporated into the Graphpad 

Prism 8 software. Histograms were performed and a Gaussian fit was 
performed obtaining a stiffness value: mean ± SD. 

2.3.4. Disruptive treatment of F-actin cytoskeleton 
To study the relationship between cell stiffness and the F-actin 

cytoskeleton, H9c2 cells were incubated in control or HHC for 72 h and 
then treated with Cytochalasin D (Cyt. D, C8273 Sigma-Aldrich) in a 10 
μM concentration for 30 min at 37 ◦C. After incubation, force curves 
were obtained in each case via the nanoindentation method. From each 
force curve, a value of the cell’s Young’s Modulus can be obtained; this 
value indicates the cell’s stiffness. 

2.3.5. Analysis of force curves obtained by atomic force microscopy 
Force curves were obtained on live H9c2 cells in control or HHC after 

72 h of incubation, with and without the Cyt. D treatment. The medium 
was removed and cells were incubated in the dark with PI (1 μg/mL) for 
5 min at room temperature to analyze only viable cells. The cells were 
washed with PBS 1X and placed in a 37 ◦C degree plate for analysis. The 
same AFM was used with a DNP-10 (D) probe, with an elastic constant of 
0.06 N/m according to the manufacturer’s instructions. Force curves 
obtained in the central region of the cell at a frequency of 1 Hz. At least 
250 force curves were obtained in each cell, and at least 1800 from each 
condition. Sneddon’s model predicts that the quadratic coefficient of the 
applied force vs. indentation curve depends on the sample’s Young’s 
Modulus and the tip’s geometry. From each force curve, a value of 
Young’s Modulus was obtained from fitting the force curve with the 
Sneddon model [29,57]. Histograms were performed and a Gaussian fit 
was performed obtaining a stiffness value: mean ± SD. 

2.4. Statistical analysis 

A Shapiro-Wilk test was performed in all comparisons to verify the 
normality of the data. For those populations that did not meet the 
normality criteria, the Kruskal-Wallis non-parametric test was per
formed, and if there were differences between the groups, the Mann- 
Whitney-Wilcoxon test was performed. For those populations with n 
less than 30 data, a non-parametric test was used, without previously 
establishing normality. For those populations that were normal a Stu
dent’s t-test was used, an ANOVA test was performed to compare all 
conditions. 

All data were graphed using Graphpad Prism 8 software and statis
tical analyses were performed in R Studio software. Analysis of cell 
death and all the assays were done per triplicate. Values with p < 0.05 
were considered as a significant difference. 

3. Results 

3.1. Analysis and quantitation of cell death 

3.1.1. Effect of high glucose and lipid concentrations 
Optical microscopy images of H9c2 cells (Fig. 1) were acquired from 

A) control (G 5.5 mM), B) G 5.5 mM + PA, C) G 25 mM, D) G 25 mM +
PA, E) G 33 mM, F) HHC and G) M 33 mM conditions at 72 h in culture. 
The cells from the control group (Fig. 1A) had the characteristic fusiform 
morphology of the cell line. Cells cultured in M 33 mM (Fig. 1G) showed 
similar fusiform morphology and cell death with control ones, demon
strating that the observed cell death in G condition is not due to a 
hyperosmolar effect. Cell death quantitation of each condition at 72 h 
(Fig. 1H) did not show significant differences between the control 
(8.16% ± 0.25%), and M 33 mM (9.10% ± 0.85%) groups. However, 
with the addition of PA and with the increase in G concentration, cell 
death increased, evidencing a directly proportional relationship be
tween G concentration and cell death. Both PA addition and G increase 
showed significant differences with respect to control (***Fig. 1H). 
Moreover, significant differences were found between the same G con
centration with and without PA, demonstrating the influence of PA on 
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cell death (**Fig. 1H). Inclusion of BSA 1% without PA in the medium 
did not affect cell death (data not shown). Based on these results we 
defined and used the optimal condition for subsequent analyzes as HHC. 

In order to determine the optimal cell culture time to carry out the 
subsequent studies, H9c2 cells were incubated under control conditions 
(Fig. 1A) for 72 h, and in HHC from 12 h to 72 h (Fig. 1I–L). In this way, 
cultures with differences of 12 h were obtained. The typical fusiform 
characteristic of this cell line was increasingly lost over time. At 72 h of 
cell culture, most of the cells had a completely different morphology 
compared with the control cells. Furthermore, it can be seen that there 
are more spaces between the cells, which would lead to less intercellular 
contact. 

Quantitation of cell death for both conditions show a significant 
increase in the hours of culture elapsed in the HHC group compared with 
the control (Fig. 1M). At 72 h the percentage of cell death for the control 

reached a value of 8.16% ± 0.25% and for the HHC of 42.60% ± 3.60%. 

3.1.2. Type of cell death 
The triple staining technique was performed for the analysis of the 

type of cell death in control and HHC at 72 h of cell culture (Fig. 2). The 
images acquired by CLM show a representative vital cell, a cell in early 
apoptosis, and a cell in late apoptosis (Fig. 2A). In the fields visualized by 
the two independent researchers, no necrotic cells were observed. 

Quantitation of early, late and total apoptosis indicates significant 
differences between control and HHC for all the stages of apoptosis 
(***Fig. 2B). 

Fig. 1. Analysis and quantitation of cell death. 
Representative images obtained by light microscopy 
(10X) of the different cultures conditions of H9c2 
being A) control (G 5.5 mM), B) G 5.5 mM + PA, C) G 
25 mM, D) G 25 mM + PA, E) G 33 mM, F) G 33 mM 
+ PA (HHC) and G) M 33 mM. H) Graph of cell death 
at 72 h of culture. Data expressed as a percentage of 
cell death for each condition. For the statistical 
analysis, a Kruskal-Wallis and Mann-Whitney tests 
were carried out, considering a p < 0.05 (***) as 
significant with respect to the control. Comparison of 
G 25 mM vs. G 25 mM + PA (**) and G 33 mM vs. 
HHC (**). (I–M). Cell death overtime in HHC. 
Representative images obtained by light microscopy 
(10X) of the H9c2 cultures every 24 h of incubation I) 
36 h J) 48 h K) 60 h L) 72 h M) Graph of death cell as 
a function of time. Results obtained are expressed as a 
percentage of cell death with respect to the total 
number of cells. Three independent experiments were 
carried out for each condition, counting 200 cells in 
each group.   
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3.2. Morphophysiological analysis of cell changes induced by high glucose 
and lipid concentrations 

3.2.1. Cell width and length quantitation in different experimental 
conditions 

The results of the quantitation of cell length and width are shown in 
Fig. 3. Results of length quantitation show significant differences with 
respect to the control in G 25 mM and G 33 mM with and without PA 
(***). The differences in the length were greater with the increase in G 
concentration and with the addition of PA. The lowest length value 
being in HHC. There were also statistical differences between G 33 mM 
and HCC (*). Instead, in the width, significant differences were observed 
only under the G 33 mM and HHC (***). The greatest width values were 

measured in HHC. 

3.2.2. Quantitation and analysis of actin cytoskeleton spatial organization 
CLM images show cells stained with phalloidin-rhodamine 

(Fig. 4A–B). Control cells (Fig. 4A) exhibit actin bundles with homoge
neous distribution throughout the entire cell. On the other hand, the 
actin bundles in HHC (Fig. 4B) have a very different organization. In this 
condition, most actin bundles are located mainly towards the cell pe
riphery and are intertwined with each other. 

Quantitation of the number of actin bundles in the central and distal 
zones of the cells showed significant differences (Fig. 4C). In the central 
zone, the number of actin bundles was significantly lower for cells 
grown in HHC than in controls. In contrast, the peripheral zone has a 

Fig. 2. Analysis and quantitation of apoptosis 
in cells cultured under control and HHC at 72 
h A) Representative images of MLC (40X) of vital 
cells (top: green cell and normal blue nucleus), 
cells in early apoptosis (middle: green cell and 
blue nuclei with heterochromatic granules) and 
of cells in late apoptosis (bottom: red and blue 
nuclei with heterochromatic granules). The 
white arrows indicate the characteristic blebbing 
of early apoptosis. The red, green, and blue 
colors correspond to IP, FDA, and Hoechst 
respectively. B) Quantitation of early, late 
apoptotic and total cell death. Statistical analysis 
using the Kruskal-Wallis test was performed, p <
0.05 were considered significant (***). Three 
independent experiments were carried out for 
each condition, counting 100 cells in each group. 
(For interpretation of the references to color in 
this figure legend, the reader is referred to the 
Web version of this article.)   
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significantly greater number of actin bundles in HHC compared to 
controls (Fig. 4C). 

On the other hand, the quantitation of the distance between actin 
bundles also showed significant differences (Fig. 4D). In the central 
zone, the control cells showed a significantly shorter distance between 
the actin bundles than in the HHC. However, this comparison is inverted 
in the peripheral area. The actin bundles showed a significantly shorter 
distance in the HHC than in the controls. 

3.2.3. Analysis of cellular nanomechanics 
Representative AFM images of the living cells for both groups (con

trol and HHC) at 72 h of incubation are shown in Fig. 5A. The error 
images show differences between the control and HHC cells. Control 
cells present fusiform characteristic shape and the HHC do not. Height 
images of control (n = 9) and HHC (n = 9) cells do not show significant 

differences (3.32 ± 0.31 and 4.00 ± 1.32 respectively). Young’s 
modulus images show a cell stiffness map, allowing evaluating this 
nanomechanical property throughout the cell. Cells incubated in HHC 
were stiffer than control cells. Representative force-distance curves of 
control and HHC of central and peripheral zones are shown in Fig. 5B. 
Histograms obtained from the frequency of Young’s modulus (cell 
stiffness) values allowed their quantitation (Fig. 5C). The dotted lines 
correspond to the Gaussian adjustments of each histogram. The values 
were extracted from the NanoScope Analysis software and were 
expressed in KPa. Both the central and distal areas of the cells were 
evaluated. 

The mean and standard deviation values of the Gaussian adjustment 
of cell stiffness for each condition in the central and distal zones show 
significant differences (Table 1). Control cells have significant differ
ences between the central and peripheral zones (*). They have a higher 

Fig. 3. Quantitation of cell length and 
width in the different experimental con
ditions. The figure shows the length and 
width of all experimental conditions (control 
(G 5.5 mM), M 33 mM, G 5.5 mM + PA, G 
25 mM, G 25 mM + PA, G 33 mM and HHC). 
Three independent experiments were carried 
out for each condition, counting 200 cells in 
each group. Kruskal-Wallis was performed to 
compare all groups, and the Mann-Whitney 
test was performed to establish significant 
difference respect to the control group (***). 
A single asterisk (*) represent a significant 
difference between G 33 mM vs. HHC. 
Values with p < 0.05 were considered 
significant.   

Fig. 4. Quantitation of actin spatial 
organization in control and HHC 
cardiac cells at 72 h. Representative 
images obtained by MLC of H9c2 cells 
stained with phalloidin-rhodamine 
(red). The 10 μm × 10 μm square is 
representatively enlarged. A) Control, 
B) HHC, C) Quantitation of the number 
of actin bundles of the central and pe
ripheral zone, D) Quantitation of the 
distance of actin bundles of the central 
and peripheral zone. Three independent 
experiments were carried out for each 
condition, counting 150 cells in each 
group. Mann-Whitney test was per
formed, considering p < 0.05 (***) as 
significant. (For interpretation of the 
references to color in this figure legend, 
the reader is referred to the Web version 
of this article.)   
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Fig. 5. Analysis and quantitation of cellular stiff
ness obtained by AFM at 72 h. A) Representative 
images of Error (peak force error), Height and 
Young’s modulus images (cellular stiffness) of live 
cells obtained by AFM. The color scale in the stiffness 
images, with red representing values between 0 and 
100 KPa, orange between 100 and 200 KPa, and so 
on. Nine cells from each group were analyzed. B) 
Representative force-distance curves of central and 
peripheral zones of control and HHC cells. C) Histo
grams show quantitation of cell stiffness obtained 
from Young’s Modulus values. A total of 9 cells were 
analyzed for each group. The dotted lines correspond 
to the Gaussian fit of each histogram. (For interpre
tation of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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Young’s modulus values in the peripheral than in the central zone. Also, 
peripheral and central zones of HHC have statistical differences (**), 
being the peripheral zone stiffer than the central zone too. The periph
eral zone of both groups also has differences. The control peripheral 
zone has statistically lower Young’s modulus values than HHC (***). 
Finally, no statistical differences were found between the central zones 
of both groups. 

3.2.4. Young’s modulus and actin cytoskeleton 
The biomechanical properties of animal cells are determined pri

marily by their cytoskeleton. As a way of evaluating the contribution of 
the actin cytoskeleton to the value of Young’s modulus in H9c2 cells, we 
used the nanoindentation method [29] in the presence or absence 10 μM 
of Cyt. D (***Fig. 6). The treatment of control cells with the mentioned 
drug produced a significant decrease in Young’s modulus from 89.3 ±
23.6 kPa to 47.5 ± 21.9 kPa (47%). In the HHC, 10 μM Cyt. D treatment 
also significantly reduced the value of Young’s modulus from 117.9 ±
26.4 kPa (without the drug) to 36.4 ± 21.1 kPa (in the presence of the 
drug). Therefore, a reduction of 69% observed in Young’s modulus 
(***Fig. 6). 

4. Discussion 

Hyperglycemia and hyperlipidemia are known to play an important 
role in the development of DC, independent of other factors [42,58,59]. 
In this paper, the H9c2 cell line was used to study morphological 
changes induced by HHC in heart cells. Obtained results showed that 
HHC induced apoptotic cell death, changes in cell shape, changes in the 
spatial distribution of actin cytoskeleton, and the stiffening of the elas
ticity images of living heart cells obtained by AFM. The results suggest 
the existence of a relationship between the spatial modification of the 
actin cytoskeleton and the stiffening of the cardiac cell that can help to 
understand the complicated process behind the pathophysiology of DC. 

4.1. Analysis of cell death and morphological changes 

Previous studies have shown apoptotic cell death in adult car
diomyocytes and cardiac cells due to high G concentrations [41] and the 
deleterious effect that high concentrations of G and PA have on adult 
cardiomyocyte myofibrils [53]. Accordingly, in this work, we also 
observed an increase in cell death with increased G concentration [41] 
and 500 μM PA concentration [54]. With a concentration of G 25 mM, 
cell death increased 2.6 fold when compared to the control. With the 
aforementioned G concentration, the increase in cell death was signifi
cantly higher (3.2 times respect to control) by the addition of 500 μM of 
PA (Fig. 1). With a concentration of G 33 mM in the incubation medium, 
cell death increased 4.0 fold compared to the control. With the last G 
concentration, the increase in cell death was also significantly higher 
(5.2 times respect to control) by the addition of 500 μM of PA (Fig. 1). 
These results show the synergic effect of G and PA. However, cell death 
showed no significant differences when compared to the control by in
clusion in the medium of M 33 mM. This result suggests that the increase 
in cell death is not due to a hyperosmotic effect due to high G 
concentration. 

In addition to an increase in cell death, our study also detected 
changes in cellular morphology. Our results suggest that with G 25 mM 
and 25 mM + PA only cell length had a significant variation with respect 
to the control. However, in G 33 mM and HHC the changes were sig
nificant in cell length and width (Fig. 3). As previously expressed in 
results, no significant differences in height with respect to control were 
detected in HHC cells (Fig. 5A, Height image). Comparing the condition 
HHC with control at 72 h, the cell length decreased 1.7 times and the cell 
width increased 1.2 times. These results are consistent with a study on 
streptozotocin (STZ) induced Type 1 DM mice in which changes in the 
morphology of diabetic cardiomyocytes were observed [60]. It can also 
be noted that the variations between control and treatment with M 33 
mM were not significant, which reaffirms again that the changes 
induced by the medium HHC are not due to a hyperosmotic effect 
(Fig. 3). 

Hyperglycemia and hyperlipidemia produce elevated levels of reac
tive oxygen species (ROS) that generate changes in the morphology of 
cardiomyocytes and H9c2 and generate high levels of cell death by 
apoptosis [41,51,61,62]. It has also been reported that ROS induced 
apoptosis by activation of caspase-3 [63], in cardiomyocytes of 
STZ-induced diabetic rat and mouse models [41,64], and in vitro models 
like H9c2 cells [41]. 

It is known that the high concentration of G increases the absorption 
and oxidation of free fatty acid generating an increase in cellular 
apoptosis [28,65]. All of these observations are consistent with our re
sults where the cell death type analysis showed only apoptotic death 
with significantly greater differences for the HHC group between early 
and late apoptosis (Fig. 2 B). 

4.2. Analysis of F actin spatial organization and cell nanomechanics 

Recently, it has been reported that the spatial organization of F-actin 
is modified in the myocardium of type 1 DM mice [31]. In the present 
study, conducted with H9c2 cells, we observed a marked displacement 
of the F-actin cytoskeleton toward the cell periphery in the HHC when 
compared to the control condition. It is difficult to accurately measure 
and say whether the fluorescence signal corresponds to individual actin 
filaments or bundles of actin. Then we prefer to refer to these structures 
as bundles of actin (which also includes individual filaments). The 
number of actin bundles in the distal area was 2.83 times higher and the 
distance between them was 1.9 times smaller for the HHC at 72 h of 
incubation when compared to the control condition (Fig. 4). This same 
behavior of actin cytoskeleton has been observed in vascular cells of the 
smooth musculature [35] and in H9c2 cells when these cells were 
treated with a strong inductor of hypertrophy such as endothelin [49]. It 
is also known that glucolipotoxicity generates significant alterations in 

Table 1 
Mean values of Young’s modulus obtained from AFM.The mean values and 
standard deviations of the Gaussian fit from Young’s modulus for each condition 
in the central and peripheral zones of the cells are shown. A total of nine cells 
were analyzed for each group. ANOVA test was performed to compare all con
ditions, and Student’s t-test. To compare central and peripheral zones. p < 0.05 
was considered significant. Central vs. peripheral zones of the control group (*), 
peripheral control vs. peripheral HHC zones (**), central vs. peripheral zones of 
HHC (***).   

Central zone (kPa) Periphery zone (kPa) 

Control, 72 hs 78.90 ± 36.40 222.20 ± 57.40 * 
G 33 mM þ PA, 72 hs 122.70 ± 26.10*** 358.8 ± 64.00 **/***  

Fig. 6. Effect of Cytochalasin D on cell stiffness in control and HHC H9c2 
cells. A total of nine cells of each condition were analyzed. Student’s t-test was 
applied, considering p < 0.05 (***) as significant. 
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the actin cytoskeleton [53,66]. Modifications in the cell cytoskeleton of 
neonatal cardiomyocytes induced by liposaccharides and detected by 
AFM have also been reported [67]. Cell mechanics can provide infor
mation on the cell physiological or pathological state processes like 
aging [68], differentiation [69,70] or disease [71]. Pathological changes 
in mechanical properties start at the cellular scale and then spread to 
higher levels of organization such as tissues and organs. Therefore, the 
investigation of the mechanics of the single diseased cells may provide 
deeper insights into pathological processes [33]. The biomechanical 
properties of animal cells are mainly determined by their cytoskeleton 
[72–74]. In isolated adult cardiomyocytes, Wu and colleagues showed 
that Young’s modulus value, determined by the nanoindentation 
method, was around 80% actin dependent [26]. These authors showed 
the decrease of Young’s modulus in cardiomyocytes when the cells were 
treated with Cyt. D (an F-actin-disrupting agent). In the absence of Cyt. 
D, the stiffness was approximately 30 kPa and approximately 5 kPa in 
the presence of the drug [26]. According to our results, in H9c2 cells, 
Young’s modulus was also affected by the treatment with Cyt. D. Since 
Cyt. D treatment was only for 30 min, most likely the effect observed on 
Young’s decreased module (47% in control and 69% in HHC) was due to 
a direct effect on the disruption of actin cytoskeleton (Fig. 6). 

Our study is the first to obtain complete comparative elasticity maps 
of heart cells incubated under control or HHC. Elasticity maps reveal the 
drastic change that the HHC induces in the elasticity of heart cells. 
Cellular elasticity is one of its physiological properties. 

Analysis of elasticity maps showed that the rigidity of cells incubated 
in the HHC was greater than those incubated in the control condition, 
being 1.54 fold greater in the central region and 1.63 fold greater in the 
distal region (Fig. 5C and Table 1). These results are consistent with 
previous results observed by other authors [29,42]. Benech and col
leagues demonstrated an increase in the value of Young’s modulus, 
when working with adult cardiomyocytes isolated from type 1 DM mice, 
presenting controls cardiomyocytes a stiffness of 43 KPa ±7 KPa and 
diabetic cardiomyocytes 91 KPa ±14 KPa [29,30]. Michaelson and 
colleagues also reported an increase in cellular stiffness in isolated 
neonatal cardiomyocytes incubated under conditions of hyperglycemia 
(30.5 mM) or hyperlipidemia (500 μM PA). In both conditions, the au
thors report that they did not observe any modifications in the actin 
cytoskeleton. It is important to note that the aforementioned authors did 
not conduct the study in a hyperglycemic and hyperlipidemic medium as 
in our case (HHC). Also, the incubation time of the cells they used was 
shorter (24 h). Perhaps, to clearly observe the modifications of the actin 
cytoskeleton, a joint action of hyperglycemia and hyperlipidemia would 
be necessary for a longer period. 

Like the results reported by Shroff and colleagues in cultured rat 
atrial myocytes, in our study, we also found differences in the elasticity 
of H9c2 cells between the central and the peripheral region [75]. The 
peripheral region was stiffer in both the control condition and the HHC 
(Fig. 5 and Table 1). 

Since Young’s modulus in H9c2 cells showed to be most likely actin 
dependent and that the HHC medium promoted a reordering of the actin 
cytoskeleton, our results suggest a correlation between the reordering of 
the actin cytoskeleton and the modulus of elasticity. This suggestion is 
based on the fact that the reordering of the actin cytoskeleton was 
quantified and the number and distance of actin bundles were not the 
same in the control as under HHC (Fig. 4). Cells incubated in HHC with 
the reordered actin cytoskeleton were stiffer than those incubated in the 
control condition (Fig. 5 and Table 1). The peripheral zone of the HHC 
(where the number of actin bundles was higher and the distance be
tween them smaller) was the region of greatest stiffness (Figs. 4 and 5 
and Table 1). 

5. Conclusions 

The results obtained in vitro with the H9c2 rat cardiac cell model 
suggest that HHC in addition to inducing apoptotic cell death can modify 

the spatial distribution of actin cytoskeleton at the cellular level. This 
results in the modification of the properties of cellular biomechanics that 
probably would affect biomechanics at the organ level (heart). Thus, our 
study showed that HHC promotes morphophysiological changes in rat 
cardiac cells confirming that gluco-and lipotoxicity may play a central 
role in the development of DC. 
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