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Benech JC, Benech N, Zambrana AI, Rauschert I, Bervejillo V,
Oddone N, Damián JP. Diabetes increases stiffness of live cardio-
myocytes measured by atomic force microscopy nanoindentation. Am
J Physiol Cell Physiol 307: C910–C919, 2014. First published August
27, 2014; doi:10.1152/ajpcell.00192.2013.—Stiffness of live cardio-
myocytes isolated from control and diabetic mice was measured using
the atomic force microscopy nanoindentation method. Type 1 diabetes
was induced in mice by streptozotocin administration. Histological
images of myocardium from mice that were diabetic for 3 mo showed
disorderly lineup of myocardial cells, irregularly sized cell nuclei, and
fragmented and disordered myocardial fibers with interstitial collagen
accumulation. Phalloidin-stained cardiomyocytes isolated from dia-
betic mice showed altered (i.e., more irregular and diffuse) actin
filament organization compared with cardiomyocytes from control
mice. Sarco/endoplasmic reticulum Ca2�-ATPase (SERCA2a) pump
expression was reduced in homogenates obtained from the left ven-
tricle of diabetic animals compared with age-matched controls. The
apparent elastic modulus (AEM) for live control or diabetic isolated
cardiomyocytes was measured using the atomic force microscopy
nanoindentation method in Tyrode buffer solution containing 1.8 mM
Ca2� and 5.4 mM KCl (physiological condition), 100 nM Ca2� and
5.4 mM KCl (low extracellular Ca2� condition), or 1.8 mM Ca2� and
140 mM KCl (contraction condition). In the physiological condition,
the mean AEM was 112% higher for live diabetic than control isolated
cardiomyocytes (91 � 14 vs. 43 � 7 kPa). The AEM was also
significantly higher in diabetic than control cardiomyocytes in the low
extracellular Ca2� and contraction conditions. These findings suggest
that the material properties of live cardiomyocytes were affected by
diabetes, resulting in stiffer cells, which very likely contribute to high
diastolic LV stiffness, which has been observed in vivo in some
diabetes mellitus patients.

atomic force microscopy; diabetes; live cardiomyocyte stiffness

THE PREVALENCE OF DIABETES mellitus is rapidly growing. It is
estimated that, globally, the number of adults with diabetes
mellitus will increase from 171 million in 2000 to 300 million
by 2030 (35). Diabetes mellitus is a well-recognized risk factor
for development of heart failure (HF). Indeed, the Framingham
Heart Study showed that HF occurs twice as frequently in
diabetic men and five times as frequently in diabetic women as
in age-matched controls (12). Thus cardiovascular complica-
tions, such as increased atherosclerosis in large arteries (carotid
artery, aorta, and femoral artery) and increased coronary ath-
erosclerosis, which increases the risk for myocardial infarction

and stroke, are the leading cause of diabetes-related morbidity
and mortality (5, 11).

In animal models of diabetes, several cardiac functional and
structural alterations or cardiac muscle disorders have been
documented in type 1 and type 2 diabetes (5). In most of the
type 1 diabetes studies, diabetes was induced by streptozotocin
(STZ) administration (5, 24, 31). In humans, diabetes mellitus-
induced diastolic left ventricular (LV) dysfunction is increas-
ingly recognized as an important morbidity and mortality
determinant in HF. In patients with diabetes mellitus, an
increase in diastolic LV stiffness obstructs LV remodeling after
myocardial infarction (27, 28) and raises LV filling pressures at
similar LV filling volumes in HF with reduced LV ejection
fraction and in HF with normal LV ejection fraction (32). As a
consequence, diabetes mellitus patients have a higher inci-
dence of HF after myocardial infarction (18, 23, 27, 28).
Mechanisms that have been proposed to be responsible for
raising myocardial stiffness in diabetes mellitus consist basi-
cally of excessive fibrosis (33) and deposition of advanced
glycation end products (3). Hypertrophic cardiomyocytes iso-
lated from LV biopsy samples of HF patients with normal LV
ejection fraction showed high resting tension, which correlated
with greater in vivo diastolic LV stiffness. This high resting
tension might be an important contributor to the increased
diastolic LV stiffness in the diabetic heart (32). Resting tension
was measured in single cardiomyocytes isolated from frozen
biopsy samples that were thawed, mechanically disrupted, and
incubated with Triton X-100, provoking sarcolemmal and
sarcoplasmic membrane disruption (4, 10, 32).

Atomic force microscopy (AFM) allows study of the dy-
namics and mechanical properties of intact cells. Different cell
events, such as locomotion, differentiation and aging, physio-
logical activation, electromotility, and cell pathology, can be
analyzed with this new research tool (8, 13, 15, 17, 21, 37, 38).
The effects of aging and obesity on vascular smooth muscle
cell stiffness (8, 21, 38) and aging on cardiomyocyte stiffness
(15) have been analyzed using AFM. However, to our knowl-
edge, no studies have examined directly the effect of diabetes
on the material properties of single live cardiomyocytes.

The present study, to the best of our knowledge, is the first
to use the nanoindentation method of AFM to compare the
material properties of live isolated LV myocytes from normal
and diabetic mice.1
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MATERIALS AND METHODS

Ethical approval. The experimental procedures were approved by
the Institutional Ethical Committee (CEUA-IIBCE, Uruguay) in ac-
cordance with national legislation.

Experimental animals. STZ (Sigma, St. Louis, MO), which causes
selective necrosis of pancreatic cells and results in an insulin defi-
ciency state, was used to induce type 1 diabetes. Adult (1.5-mo-old)
male CD1 mice (n � 12) were injected with a single dose (150 mg/kg
ip) of a freshly prepared STZ solution in a citrate-saline buffer (pH
4.5). This dose of STZ was previously shown to result in high blood
glucose levels with minimal cardiotoxicity (36). Control animals (n �
12) were injected with citrate buffer. Prior to STZ injection, all mice
were weighed, and blood was obtained from the tail vein for mea-
surement of nonfasting blood glucose using the ACCU-CHEK Com-
pact Plus System (Indianapolis, IN). After 4–7 days of STZ admin-
istration, blood glucose was measured again, and mice with blood
glucose �250 mg/dl were considered diabetic. For 3 mo, nonfasting
blood glucose was monitored weekly to ensure continued diabetic
status, as recommended by the manufacturer’s instruction.

Variation in the apparent elastic modulus (AEM) was studied in
4.5-mo-old male control and diabetic CD1 mice. Diabetic mice were
euthanized after 3 mo of diabetes. To obtain enough control and
diabetic mice for the present study, this protocol was repeated once.

Statistical methods for animals. Body weight and glycemia were
compared using ANOVA for repeated measurements. The model
considered the group (diabetics vs. controls), time (in weeks), and
interaction between group and time as fixed effects and the mouse in
each group as a random effect. Post hoc comparisons were performed
using least significant difference.

Morphological study. Hearts were rapidly removed from the mice
and washed with phosphate-buffered saline (PBS) solution. Car-
diac tissues were fixed in 3% paraformaldehyde for 1 h and
cryoprotected in 15% and 30% sucrose, respectively (48 h). There-
after they were embedded in tissue-freezing medium (Jung), sec-
tioned, and stained with hematoxylin and eosin for light-micro-
scopic morphological study.

F-actin study and confocal microscopy. Isolated cardiomyocytes
from control and diabetic mice were fixed on polylysine-treated glass
with 1% paraformaldehyde and later washed with 0.1% Triton X-100-
PBS. Thereafter they were stained with 50 �g/ml fluorescent phalloi-
din 633 conjugate solution in PBS for 40 min at room temperature
(Sigma-Aldrich). Finally, they were washed three times with PBS.
Mounted samples were analyzed using confocal microscopy. A sur-
face plot of selected cells was made using National Institutes of
Health ImageJ software.

Preparation of protein lysate. For Western blot analysis, frozen
heart tissue (50 mg) was homogenized in 1.5 ml of lysis buffer [20
mM HEPES (pH 7.4), 2 mM EGTA, 1 mM dithiothreitol, 1 mM
sodium orthovanadate, 1% Triton X-100, 10% glycerol, 2 �M leu-
peptin, 1 mM aprotinin, and 400 �M phenylmethylsulfonylfluoride].
The homogenate was centrifuged at 4°C at 14,000 g, the supernatant
was collected and sonicated, and the protein concentration was deter-
mined by Bradford assay. Tissue lysate aliquots were stored at
�80°C.

Western blot analysis. Proteins (50 mg) were resolved by 10%
SDS-PAGE and transferred to a polyvinylidene difluoride membrane,
as previously described (1). Membranes were blocked with 10%
fat-free milk and incubated overnight at 4°C with anti-sarco/endoplas-
mic reticulum Ca2�-ATPase (SERCA2a, 1:500 dilution; product no.
ab2861, Abcam) or anti-�-actin (1:1,000 dilution; product no. ab8227,
Abcam) antibody. �-Actin was used as the loading control. Mem-
branes were washed with 1	 Tris-buffered saline (TBS)-Tween and
hybridized with the appropriate secondary antibody conjugated with
Alexa 488 in 1	 TBS-Tween: Invitrogen A11001 (1:1,000 dilution)
for SERCA2a and Invitrogen A11008 (1:5,000 dilution) for �-actin.
After the membranes were washed, the signal was developed using a

high-performance luminescent image analyzer (model FLA-9000,
Fujifilm) according to the manufacturer’s instructions. Protein bands
were analyzed using ImageJ software.

Preparation of LV myocytes. Cardiomyocytes were prepared from
control and diabetic male CD1 mice as described by Brum et al. (6)
with modifications. The heart was rapidly excised and immediately
immersed in a Tyrode buffer solution (TyBS; in mM: 135 NaCl, 5.4
KCl, 1.8 CaCl2, 1 MgCl2, 10 glucose, and 5 HEPES, pH 7.4). The
excised heart was washed in TyBS to remove blood and immersed in
Ca2�-free TyBS (135 mM NaCl, 5.4 mM KCl, 50 �M EGTA, 1 mM
MgCl2, 10 mM glucose, and 5 mM HEPES, pH 7.4) for 10 min. A
section of LV (30–40 mg) was cut into small pieces and incubated for
5 min in TyBS with 30 mg/ml collagenase type I and 50 �M Ca2� (to
enhance collagenase activity). Subsequently, the pieces of tissue were
transferred to an Eppendorf flask containing TyBS with 50 �M Ca2�

and shaken to obtain single cells. The remaining pieces of tissue were
removed from the flask, and the solution containing the cells was
centrifuged for 5 min at 800 g. The pellet was resuspended in TyBS
with 0.5 mM Ca2� and centrifuged again for 5 min. This process was
repeated in TyBS containing 1 mM Ca2� and, finally, 1.8 mM Ca2�.
All solutions were warmed at 37°C and oxygenated. Myocytes were
studied within 6 h from the time of isolation, as previously reported
(15, 37). While cells were not analyzed with the AFM, they were kept
in a CO2-water-jacketed incubator (SANYO) in TyBS with 200 �M
Ca2�, which provided a 37°C, 5% CO2-humidified environment. To
quantify cardiomyocyte viability, cardiomyocytes were stained with
propidium iodide (PI) in a petri dish chamber. Cells in the chamber
were photographed using an Olympus IX81 inverted microscope.
Total cells, as well as PI-stained (nonviable) cells, were counted.
Control myocyte isolations yielded 
70% viable cells, whereas iso-
lations in diabetic mice yielded 
60% viable cells.

AFM. AFM indentation tests were conducted with an atomic force
microscope (BioScope Catalyst, Bruker). After isolation, myocytes in
TyBS (1.8 mM or 200 �M Ca2�) were plated on polylysine-coated
glass microslide chambers (Sigma) for 10 min. Attached cardiomyo-
cytes were incubated with PI for 5 min in darkness and washed
carefully three times with TyBS with different ionic compositions: 1)
normal physiological condition, 2) low extracellular Ca2� condition,
or 3) contraction condition (see Composition of TyBS).

The plated myocytes were placed into the inverted Nikon micro-
scope coupled to the AFM. Isolated cells were studied using an AFM
fluid cantilever holder at 25°C. The absence of PI fluorescence was
used for selection of viable isolated cardiomyocytes, and only these
were measured. All AFM measurements were conducted within 1 h
after insertion of the AFM head. The silicon nitride probe (DNP-10,
Bruker; cantilever D), with a tip radius of 20–60 nm, was attached to
a triangular 200-�m-long cantilever with a spring constant of 0.06
N/m, according to the manufacturer’s instructions. The indentation
protocol was as follows: 1) a 	20 and 	40 magnification eyepiece
was used to position the cantilever directly above the surface of an
immobilized myocyte; 2) a fast low-resolution 200- to 500-nm image
of the middle of the longitudinal axis of the cardiomyocytes was
obtained in the contact mode with the DNP-10 probe; and 3) the
“point-and-shoot” application of the AFM software was used to select
a series of points over the obtained image. Proper force curves with an
indentation-and-retraction rate of 6 �m/s were obtained in the force
calibration mode at selected points. A low (1-Hz) frequency was set;
this frequency was found to minimize not only hysteresis, but also
drag force, and to maximize the number of force curves that were
captured, as previously described (7, 14, 16, 22). At least 128 force
curves were captured for each cell.

The indentation force (F) was calculated using Hooke’s law, F �
k�, where k is the cantilever’s spring constant and � is the cantilever’s
measured deflection. The spring constant k was calibrated using the
thermal noise method (“thermal tune” application of Bruker AFM
software) and was 0.067 N/m. The indentation depth h was calculated
from the difference between the z movement of the piezoelectric
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motor and the deflection (�) of the cantilever. The equation relating
the total elastic force exerted by the indenter (Fe) with pyramidal
geometry over the sample is given by (26)

Fe �
4E� tan(�)

���
h2 (1)

where E* is the indenter sample’s reduced Young’s modulus, or
AEM, and � is the half-pyramid angle. For indenters of a material
much stiffer than the sample, the reduced Young’s modulus is given
approximately by E*  E/(1 � �2), where E is Young’s modulus and
� is the sample’s Poisson ratio (�  0.5 for incompressible materials
such as the cell cytoplasm). Equation 1 was used to fit the approaching
curve from which E is retrieved. It is known from a previous report
(26) that if the adhesive force at the tip-sample contact area is not
negligible, the total force applied to the indenter during the unloading
process is the sum of the elastic force given in Eq. 1 and the adhesive
force (Fa) at the indenter-sample contact area. The total force [F(h)] as
a function of the indentation depth is given by

F(h) �
4E tan(�)

�1 � �^2����
h2 �

32��

�2

tan (�)

cos (�)
h (2)

Thus the total force is composed of two terms. The first term is
quadratic in h and accounts for the elastic force. The second term is
linear in h and accounts for the adhesive force. This last term gives
negative values of F at low values of h, a feature observed experi-
mentally in unloading force curves obtained with AFM. Equation 2
was used to fit the retracting curves and extract the work of
adhesive forces (�a) from the linear term in h. We prefer to account
for the effect of adhesion force by fitting all points for each
retraction curve (Eq. 2), instead of determining the unbinding force
(i.e., the rupture point in the retraction curve). This last method
uses a single point of the curve and is affected by random noise
fluctuations, resulting in higher dispersion.

Note that E can also be retrieved from the quadratic term of the
retracting curve. However, this is not the usual practice, since the
viscoelastic cell behavior introduces a hysteresis loop even at low
rates. Thus the elasticity estimation differs between the approaching
and the retracting curves.

Composition of TyBS solutions. For the normal physiological con-
dition, TyBS with 1.8 mM Ca2� (in mM: 135 NaCl, 5.4 KCl, 1.8
CaCl2, 1 MgCl2, 10 glucose, and 5 HEPES, pH 7.4) was used. For the
low extracellular Ca2� condition, TyBS with 100 nM free Ca2� was
used. The free Ca2� concentration was calculated using the apparent
Ca-EGTA association constants provided by Schwartzenbach and a
computer program described by Fabiato and Fabiato (2, 9). The
composition of the TyBS with 100 nM free Ca2� was 135 mM NaCl,
5.4 mM KCl, 50 �M EGTA, 1 mM MgCl2, 35.7 �M CaCl2, 10 mM
glucose, and 5 mM HEPES, pH 7.4. For the contraction condition,
cells were incubated in high-K� TyBS (in mM: 5.4 NaCl, 140 KCl,
1.8 CaCl2, 1 MgCl2, 10 glucose, and 5 mM HEPES, pH 7.4).

AFM images. AFM images from fixed isolated cardiomyocytes
were obtained with an atomic force microscope (BioScope Catalyst,
Bruker). After isolation, cardiomyocytes were fixed for 10 min at 4°C
in 3% paraformaldehyde, washed three times with MilliQ ultrapure
water, and imaged using a silicon nitride probe (ScanAsyst-Air,
Bruker). The probe had a tip radius of 2 nm, was attached to a
triangular 115-�m-long cantilever, and had a spring constant of 0.4
N/m, according to the manufacturer’s specifications. The images were
obtained in the peak force tapping mode using the ScanAsyst-Air
application (40 	 40-�m scan size and 640 	 640-pixel resolution)
and were used to measure height of isolated cardiomyocytes.

Statistical methods for data analysis. A set of 
20 points from
each cell image was selected using the point-and-shoot option of the
AFM device. A minimum of 12 force curves were acquired for each
point. From the data set for each cell type (control and diabetic), the

force curves were fitted with a second-order polynomial. Since the
ramp size of the force curve was kept constant during all measure-
ments for each cell, some force curves were not properly acquired.
Thus the fits with a correlation coefficient (r2) �0.98 were discarded.
Using Eq. 2, Young’s modulus and the work of the adhesion force
were retrieved. A normalized histogram for Young’s modulus was
constructed and fitted with a Gaussian curve. Data points outside the
95% confidence interval (

�
E � 2�) were discarded, and the histogram

and Gaussian fit were recalculated without these points. Then Stu-
dent’s t-test was used to determine if the two sets of data (control and
diabetic) were significantly different from each other. This protocol
was performed for all the experimental conditions.

All data are expressed as means � SD. Student’s t-test was used for
comparison between groups. In all cases, P � 0.05 was considered
significant.

RESULTS

Characterization of diabetic animals. In adult male mice, a
single injection of STZ (150 mg/kg ip) resulted in high blood
glucose levels (�250 mg/dl). In the 1st wk, there was no
difference in body weight or glycemia level between the
diabetic and control mice (Fig. 1, A and B). After the 2nd wk,
body weight was lower (P � 0.05) and glycemia level was
higher (P � 0.0001) in the diabetic than control mice. Blood
glucose levels remained in the range of 160 mg/dl in vehicle-
injected control animals and in animals prior to STZ injection
(Fig. 1A). Over time, STZ-injected hyperglycemic animals
developed symptoms of severe diabetes, characterized by poly-
uria, polydipsia, and poor body weight gain (Fig. 1, B and D).
Figure 1C shows that 75% of these diabetic mice died before
the end of the study (12–13 wk), while 91.6% of the animals in
the control group survived.

Myocardial collagen accumulation, fragmentation of myo-
cardial fibers, and inhibition of the SERCA2a pump. He-
matoxylin-eosin-stained histological images showed well-ar-
ranged myocardial cells, with clear cellular nucleus and uni-
formly stained cytoplasm in the control group (Fig. 2, A and B).
However, in diabetic animals, myocardial cells lined up in
disorder, cellular nucleus sizes were irregular, and the myo-
cardial fibers were fragmented and disordered. Moreover, the
heart tissue contractile apparatus appeared severely disrupted
(Fig. 2, C and D).

As previously shown (30), we detected interstitial collagen
accumulation in heart tissue sections from diabetic mice (Fig.
2, C and D) compared with control mice (Fig. 2, A and B),
where no collagen aggregates were observed. On the other
hand, and consistent with previous reports (29–31), in LV
homogenates from diabetic animals, we detected a reduction of
SERCA2a pump expression compared with age-matched con-
trols (Fig. 3). �-Actin was used as the loading control.

Viability of isolated cardiomyocytes and AFM images. Car-
diomyocytes were isolated from control or diabetic mice and
incubated with PI (see MATERIALS AND METHODS). Figure 4B
shows a typical fluorescence image of myocytes isolated from
control animals and incubated with PI. Figure 4A shows the
normal-light image of the same preparation of isolated myo-
cytes. Figure 4C depicts an isolated cardiomyocyte with the
triangular AFM cantilever. Myocytes isolated from control
animals were 
10% more viable (Ca2�-resistant) than those
from diabetic animals. AFM images from fixed isolated cardi-
omyocytes showed that the height of the smallest control
cardiomyocytes was 2.5 � 1.4 �m (n � 40) compared with
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3.2 � 1.5 �m (n � 40) for diabetic cardiomyocytes (no
significant difference, by Student’s t-test). Figure 4, D and E,
shows an example of an AFM image from a control isolated
cardiomyocyte, and Fig. 4, G and H, shows an AFM image
from a diabetic isolated cardiomyocyte. These images were
obtained by scanning a 40 	 40-�m sample area and were used
to measure fixed isolated cardiomyocyte height. Height mea-
surements of isolated control and diabetic cardiomyocytes are
shown in Fig. 4, F and I, respectively.

AEM of isolated cardiomyocytes. Figure 5A shows force
curves from control and diabetic cardiomyocytes. The force
curves on live cells showed lower indentation depth in the
diabetic than control cardiomyocytes at an equally applied
force. A priori, these results indicate that diabetic cardiomyo-
cytes are stiffer. To confirm this, each curve was fitted by a
second-order polynomial. To avoid the effect of the substrate
on the stiffness measurements, only the first 100 nm of each
curve were considered for the polynomial fit. The correlation
coefficient (r2) was �0.98, in each case indicating good agree-
ment between the theoretical model and the experiment. The
values obtained for E and �a were as follows: Ed � 75.3 kPa
and �a

d � 2.39 	 10�4 J/m2 for diabetic cardiomyocytes and
Ec � 37.4 kPa and �a

c � 0.18 	 10�4 J/m2 for control
cardiomyocytes.

Figure 5B shows the Young’s modulus normalized histo-
gram obtained from all diabetic (3 animals, 14 cells, 1,800
force curves) and control (4 animals, 14 cells, and 2,780 force

curves) samples. Each histogram was fitted with a Gaussian
curve to obtain the mean and standard deviation of the Young’s
modulus. The AEM of diabetic cardiomyocytes (Ed � 91 � 14
kPa) was significantly different (P � 0.01) from that of control
cardiomyocytes (Ec � 43 � 7 kPa). The mean of the elastic
modulus was 112% higher for diabetic than control cardiomy-
ocytes. Figure 5C shows the normalized histogram for the
work of adhesive force obtained from all samples of each type
of cell. Again, a Gaussian fit was used to retrieve the mean
value and the standard deviation. For diabetic and control cells,
�a

d � 2.2 � 0.8 	 10�4 J/m2 and �a
c � 0.21 � 0.04 	 10�4

J/m2, respectively.
AEM of isolated cardiomyocytes in TyBS with different ionic

compositions. The AEM of control and diabetic isolated car-
diomyocytes was measured in the presence of TyBS containing
100 nM free extracellular Ca2� (low extracellular Ca2� con-
dition; Table 1). Under this experimental condition, the AEM
of diabetic cardiomyocytes (Ed � 103 � 12 kPa) was signif-
icantly different (P � 0.01) from that of control cardiomyo-
cytes (Ec � 39 � 6 kPa). However, no significant differences
were detected when the AEM of control (Ec � 39 � 6 kPa) or
diabetic (Ed � 103 � 12 kPa) cardiomyocytes measured with
low extracellular Ca2� were compared with the AEM of
control (Ec � 41 � 6 kPa) or diabetic (Ed � 95 � 14 kPa)
cardiomyocytes measured in normal physiological TyBS (con-
taining 1.8 mM extracellular CaCl2; Table 1).

Fig. 1. A–C: characterization (glycemia level, body weight, and survival rate) of streptozotocin (STZ)-induced diabetic (o) and control (�) mice. Values
are means � SD of 12 animals per group. D: representative image of a 4.5-mo-old control mouse and a 4.5-mo-old STZ-injected diabetic mouse. *P �
0.05, ***P � 0.0001; ns, not significant.
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The AEM changed dramatically (in control and diabetic
cardiomyocytes) when high K� (140 mM) was included in
TyBS containing 1.8 mM Ca2� (contraction condition). In
control cardiomyocytes, AEM was 106 � 5 kPa. In diabetic
cardiomyocytes, AEM was 324 � 11 kPa, which was signifi-
cantly higher than AEM in control cardiomyocytes (Table 1).

F-actin and confocal microscopy. Isolated cardiomyocytes
of both groups were obtained and stained with fluorescent
phalloidin (see MATERIALS AND METHODS). Control cardiomyo-
cytes showed regular and well-defined actin organization,
while diabetic cardiomyocytes showed a more diffuse and
irregular actin disposition (Fig. 6). The differences can be
visualized in the surface plot of representative control and
diabetic cardiomyocytes (Fig. 6, C and F, respectively). Laser
confocal images from 5-�m sections of myocardium stained
with fluorescent phalloidin showed well-defined and well-
ordered actin filaments in the control samples and disordered

and broken actin filaments in the diabetic samples (data not
shown).

DISCUSSION

Novel experimental data are presented in this study, which
uses the AFM nanoindentation function to analyze, with a
nanoscale resolution, isolated cardiomyocytes from control and
diabetic mouse hearts. The results suggest that living diabetic
cardiomyocytes are stiffer than control cardiomyocytes. Dia-
betes was induced in mice by STZ administration, which is a
well-characterized animal model for induction of type 1 dia-
betes (5, 24, 31). All diabetic animals showed high blood
glucose levels and developed severe symptoms of diabetes,
characterized by polyuria, polydipsia, and poor body weight
gain (Fig. 1). Previous studies of STZ-induced type 1 diabetic
animals showed many functional and structural cardiac muscle

Fig. 2. Myocardial collagen accumulation
in heart tissue sections from control and
diabetic mice. Representative micrographs
show myocardial collagen accumulation in
left ventricular (LV) sections from a control
mouse (A and B) and a mouse in which
diabetes was induced by STZ injection (C
and D). Cardiac tissues were fixed in 3%
paraformaldehyde, cryoprotected in 30% su-
crose for 48 h, and embedded in tissue-
freezing medium. Sections (5 �m) were
stained with hematoxylin and eosin for light-
microscopic morphological study. A and B:
LV sections from a control mouse at 	20
and 	40 magnification, respectively. C and
D: LV sections from a STZ-treated mouse at
	20 and 	40 magnification, respectively.

Fig. 3. Inhibition of the sarco/endoplasmic reticulum Ca2�-APTase (SERCA2a) pump. Left: representative images obtained from Western blot analysis of LV
samples from control and diabetic (STZ-treated) mice. Frozen heart tissue was homogenized in lysis buffer, and proteins were resolved by 10% SDS-PAGE,
transferred to a polyvinylidene difluoride membrane, and identified using appropriate antibodies (see MATERIALS AND METHODS). Original captured image of the
polyvinylidene difluoride membrane, which was spliced between 50- and 75-kDa protein standards, is shown. Top blot: anti-SERCA2a antibody; bottom blot:
anti-�-actin antibody. Lanes 1–8 are shown for control (C) and diabetic (D) samples. Right: protein bands analyzed using ImageJ software. Significant differences
were detected between control (n � 3) and diabetic (n � 5) bands corresponding to SERCA2a (P � 0.05, by Student’s t-test).
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alterations (5, 19, 24, 30, 31). Consistent with these findings,
interstitial collagen accumulation was observed (30) and
SERCA2a pump expression was reduced (29–31) in heart
tissue sections from diabetic mice (Fig. 2, C and D, and Fig. 3,
respectively). In rats, after a prolonged period of diabetes, a
disruption of heart tissue contractile apparatus was reported
(19). Control isolated cardiomyocytes stained with phalloidin
showed regular and well-defined actin organization, while the
diabetic cardiomyocytes showed more diffuse and irregular
actin disposition (Fig. 6). Additionally, in sections of diabetic
mouse myocardium stained with phalloidin, we detected dis-
ordered and broken actin filaments (data not shown). Consis-
tent with these findings, fragmentation of myocardiac fibers in
diabetic mice was observed (Fig. 2). Thus, hearts of diabetic
animals used in the present study were affected by the induced
pathology.

AFM has been employed to measure the viscoelastic re-
sponse of different cell types (13). The effect of aging and
obesity on vascular smooth muscle cell stiffness (8, 21, 38) and
the effect of aging on cardiomyocyte stiffness (15) were
analyzed using AFM. Cell thickness is an important factor in
determining AEM. Substrate contributions to the elastic mod-

ulus measurement can be neglected if the AFM tip never
indents �10% of the cell thickness (13). AFM images of
isolated cardiomyocytes in the present study showed that the
height of the smallest cardiomyocyte was 2.5 � 1.4 �m for the
control preparation and 3.2 � 1.5 �m for the diabetic prepa-
ration whereas data were analyzed with a 0.1-�m indentation
(Fig. 4). Thus, substrate contribution can be neglected. AFM
images were obtained by scanning a 40 	 40-�m sample area
with a resolution of 640 	 640 pixels. At this resolution level,
images showed no differences between fixed control and dia-
betic cardiomyocytes. Further AFM image analysis at a higher
resolution would be necessary to compare possible changes in
diabetic cardiomyocyte topography. It has been reported that
cardiomyocytes are softer in the nuclear region and become
stiffer toward the periphery (25). To avoid this kind of data
interference, all force curves were taken from the middle of the
longitudinal axis of all cardiomyocytes from control and dia-
betic mice.

The AFM technique has been well documented in its ability
to measure cytoskeletal components (34). In the case of live
isolated cardiomyocytes, AFM indentation measurements reg-
ister changes in the myocyte sarcolemma, sarcomeric skeleton,

Fig. 4. Optical and atomic force microscopy (AFM) images of isolated cardiomyocytes. A: optical microscopy image (	10) of live isolated cardiomyocytes.
Cardiomyocytes were isolated (see MATERIALS AND METHODS), incubated for 5 min with propidium iodide, plated on polylysine-treated glass, and imaged using
an inverted microscope coupled to the AFM. B: fluorescence image (	10) of the preparation shown in A. C: image (	20) of an isolated cardiomyocyte with
the triangle cantilever used to measure force curves. D: representative deflection AFM image of a fixed isolated control cardiomyocyte. E: control height image.
F: height measurement of a control cardiomyocyte. G: representative deflection AFM image of a fixed isolated diabetic cardiomyocyte. H: diabetic height image.
I: height measurement of a diabetic cardiomyocyte. Scale bars (D, E, G, and H) � 5 �m.
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and cytoskeletal proteins, such as tubulin, desmin, and actin. In
a previous report, the effect of aging in cardiomyocytes of
young and old male rats was studied by AFM nanoindentation
(15). A significant increase was observed in the AEM of
cardiomyocytes from older animals (42.5 � 1.0 kPa) compared
with those from young rats (35.1 � 0.7 kPa). According to our
data, the mean AEM was 112% higher for diabetic than control
cardiomyocytes: 91 � 14 vs. 43 � 7 kPa in the normal

physiological condition (Fig. 5). Therefore, the material prop-
erties of cardiomyocytes are affected in a similar manner by
diabetes and aging, since both conditions resulted in stiffer
cells. However, changes promoted by diabetes seem to be
greater than changes promoted by aging.

The AEM of cardiomyocytes isolated from control and
diabetic mice was also measured in the presence of TyBS
containing 100 nM free extracellular Ca2� (low extracellular
Ca2� condition; Table 1). Under this experimental condition,
the AEM of diabetic cardiomyocytes (Ed � 103 � 12 kPa) was
significantly different (P � 0.01) from that of control cardio-
myocytes (Ec � 39 � 6 kPa). We did not measure cytosolic
Ca2� concentration, but in the low extracellular Ca2� condi-
tion, in nonstimulated viable cardiomyocytes (absence of PI
signal), almost certainly, cytosolic Ca2� concentration will be
in the same nanomolar range. Thus it seems reasonable to
consider that these cardiomyocytes were at rest. On the other
hand, some reports showed no difference between basal Ca2�

concentration of control and diabetic cardiomyocytes (20).
Therefore, very likely, the difference in the AEM between
diabetic and control cardiomyocytes is not related to the
contractile state in those conditions but, rather, to changes
promoted by diabetes in the material properties of cardiomy-
ocytes. In fact, we observed changes in F-actin organization
when isolated control and diabetic cardiomyocytes stained with
phalloidin were compared. Control isolated cardiomyocytes
showed regular and well-defined actin organization, while the
diabetic cardiomyocytes showed more diffuse and irregular

Fig. 5. Force curves, apparent elastic modulus (AEM), and work of adhesive force (�a) of isolated cardiomyocytes. A: representative force (F) curves of diabetic
(dashed line) and control (dotted line) cardiomyocytes. A 2nd-order polynomial fit (continuous line) is also shown for each curve. Correlation coefficient of the
fit was �0.98 for each case, indicating the goodness of fit of the model expressed in Eq. 1. h, Height. B: AEM histograms for diabetic and control cardiomyocytes.
Sets of data were obtained for 3 diabetic animals (14 cells, 1,800 force curves) and 4 control animals (14 cells, 2,780 force curves). A Gaussian fit was plotted
for each histogram to compute the mean and standard deviation of the elastic modulus (E). C: histograms showing �a for diabetic and control cardiomyocytes
(data sets are the same as those used in B).

Table 1. Apparent elastic modulus of control and diabetic
isolated cardiomyocytes in Tyrode buffer solution with
different ionic compositions

Apparent Elastic Modulus,kPa

Control Diabetic

Normal physiological condition 41 � 6a 95 � 14b

Low extracellular Ca2� condition 39 � 6c 103 � 12d

Contraction condition 106 � 5e 324 � 11f

Values are means � SD; 800-1,200 force curves were obtained from 4–6
cells from 3 mice. Cardiomyocytes isolated from control and diabetic mice
were plated on polylysine-coated glass microslide chambers. Attached cardi-
omyocytes were incubated in Tyrode buffer solution with different ionic
compositions: normal physiological condition (1.8 mM Ca2� and 5.4 mM
KCl), low extracellular Ca2� condition (100 nM free Ca2� and 5.4 mM KCl),
or contraction condition (1.8 mM Ca2� and 140 mM KCl). Normalized
Young’s modulus histograms were obtained from all experimental conditions.
Each histogram was fitted with a Gaussian curve. Statistical significance is as
follows: P � 0.05 (by Student’s t-test) for a vs. b, c vs. d, e vs. f, a or c vs. e,
and b or d vs. f; no significant difference for a vs. c and b vs. d.
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actin disposition (Fig. 6). On the other hand, no significant
differences were found between the AEM of control or diabetic
cardiomyocytes measured in the low extracellular Ca2� con-
dition and the normal physiological condition (Table 1). A
possible explanation for the absence of differences is that
viable cardiomyocytes were selected for all AFM measure-
ments. Very likely, their cytosolic Ca2� concentration was in
the nanomolar range (resting). The AEM changed dramatically
(in control and diabetic cardiomyocytes) when high (140 mM)
K� was included in TyBS containing 1.8 mM Ca2� (contrac-
tion condition). In control cardiomyocytes, AEM was 106 �
5 kPa. On the other hand, AEM was significantly higher in
diabetic than control cardiomyocytes and was 324 � 11 kPa.
The dramatic change in AEM in control and diabetic cardio-
myocytes measured in high-K� TyBS might be explained by
the opening of membrane Ca2� channels, the increase in
cytosolic Ca2� concentration, and cardiomyocyte contraction
(contraction condition). Even in this condition, the AEM was
significantly higher in diabetic than control cardiomyocytes.
Thus the difference between diabetic and control cardiomyo-
cytes holds up in this altered contractile state, and we believe
this is, in part, due to the cytoskeletal state in diabetic cardio-
myocytes. Therefore, diabetic cardiomyocytes were stiffer than
control cardiomyocytes in all tested conditions, supporting the
idea that the mechanical properties of live cardiomyocytes
were affected by diabetes.

It has been reported that excessive fibrosis, deposition of
advanced glycation end products, and cardiomyocyte stiffness
are mechanisms responsible for raising myocardial stiffness in
diabetes mellitus (4, 10, 32). Cardiomyocyte stiffness was

determined by measuring resting tension (passive force at the
same sarcomere length, using a force transducer and a piezo-
electric motor) in single isolated cardiomyocytes. According to
previously mentioned reports, resting tension was measured in
frozen biopsy samples that, prior to experiments, were de-
frosted, mechanically disrupted, and incubated with Triton
X-100. This procedure provokes disruption of sarcolemmal
and sarcoplasmic membranes. Therefore, isolated cardiomyo-
cytes became dependent on externally supplied Ca2� for active
force development. Thus the elevation of passive force was
attributed to alterations of myofilament or cytoskeletal pro-
teins. Hypophosphorylation of the cytoskeletal protein titin
stiff isoform was suggested to be responsible for the elevation
of passive force in diabetic cardiomyocytes (10).

According to our data, the mean AEM was higher (stiffer)
for diabetic than control cardiomyocytes (Fig. 5D). Thus our
results are in agreement with the previously mentioned studies
of isolated cardiomyocytes with disrupted membranes. Since
we checked the viability of the isolated cardiomyocytes before
and after force curve measurements (by checking the absence
of PI fluorescence using the inverted microscope coupled to
the AFM), we can extend the observation to live cardiomy-
ocytes. In our studies, cardiomyocyte membranes were un-
disrupted, suggesting that changes in membranes of diabetic
cardiomyocytes probably contribute to the higher elastic
modulus measured by AFM nanoindentation. Additionally,
changes in F-actin in isolated cardiomyocytes of diabetic
mice (confocal images) indicate changes in their actin or-
ganization, which is probably responsible for the higher
elastic modulus of the diabetic cardiomyocytes.

Fig. 6. F-actin in isolated control and diabetic cardiomyocytes. Confocal microscopy images (	40 and 	100) show isolated control and diabetic cardiomyocytes
stained with fluorescent phalloidin. Cardiomyocytes were isolated and fixed (see MATERIALS AND METHODS), incubated for 40 min with fluorescent phalloidin, and
imaged using a confocal microscope. A: control cardiomyocytes (	40). Arrows indicate the most representative control cells, showing regular and well-defined
actin organization. B: control cardiomyocyte (	100). C: surface plot of cell image in B. D: diabetic cardiomyocytes (	40). Arrows indicate the most
representative diabetic cells showing more diffuse and irregular actin disposition. E: diabetic cardiomyocyte (	100). F: surface plot of cell image in E.
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As shown in Fig. 5C, adhesive force was higher in diabetic
than control cardiomyocytes. Adhesive force represents the
interaction force between the tip and the sample. Most proba-
bly, as cardiomyocytes’ sarcolemmas were undisrupted, the
contribution of the sarcolemma to adhesive force is an impor-
tant component. Adhesive force changed from �a

c � 0.21 �
0.04 	 10�4 J/m2 in control cardiomyocytes to �a

d � 2.2 �
0.8 	 10�4 J/m2 in diabetic cardiomyocytes. This 10.5-fold
change in �a suggests that cardiomyocytes’ sarcolemmas were
deeply affected by diabetes. In the present study we showed
that adhesive force is greater in diabetic than control cardio-
myocytes. These results suggest a change (i.e., an increase) in
the number and/or the activation state of adhesion molecules
on the surface of the diabetic cardiomyocytes. Further studies
are needed to understand the physiological meaning of these
results.

In summary, our data show that 3 mo of type 1 diabetes
provokes changes in myocardial fibers of mouse hearts (frag-
mentation and disordering), interstitial collagen deposition,
reduction of the SERCA2a pump expression, and changes in
F-actin organization. Moreover, the data show that live isolated
diabetic cardiomyocytes are stiffer than control cardiomyo-
cytes in all tested conditions, suggesting that the material
properties of live cardiomyocytes change with diabetes. Hence,
it is very likely that a change in the material properties is an
important factor in raising myocardial stiffness in vivo. Further
studies are necessary to identify the molecules that are respon-
sible for the increment in stiffness of live diabetic cardiomy-
ocytes. Our data strongly suggest that actin is one of these
molecules.

It will be interesting to extend the observations in the present
study, in which a type 1 diabetes model was used, to a type 2
diabetes animal model.
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