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Abstract. – OBJECTIVE: To investigate 
whether valsartan exerts its effect on cardi-
ac function in mice with diabetes mellitus (DM) 
via Ca2+/calmodulin-dependent protein kinase II 
(CaMKII).  

MATERIALS AND METHODS: C57bl6/J mice 
were used as study subjects and randomly di-
vided into three groups: 1) control group, 2) DM 
group and 3) valsartan group. After the mod-
el was successfully established, the diastolic 
function in each group of mice was detected via 
echocardiography, including the ratio of peak 
velocity blood flow in early diastole to peak 
velocity blood flow in late diastole (E/A ra-
tio) of mitral valves, isovolumic relaxation time 
(IVRT) and mitral deceleration time. Ejection 
fraction (EF), fractional shortening (ES), heart 
rate (HR) and cardiac output (CO) were de-
termined to evaluate the systolic function of 
the mouse heart. The frozen heart was stained 
by dihydroethidium (DHE) and analyzed for the 
oxidative stress and inflammation levels. The 
expression levels of phosphorylated calmod-
ulin-dependent protein kinase II (P-CaMKII), ox-
idized CaMKII (O-CaMKII), ryanodine receptor 2 
(RYR2), P-phospholamban (P-PLN) and PLN in 
tissues were detected via Western blotting.

RESULTS: Valsartan improves myocardial 
diastolic and systolic function in DM mice by 
improving phosphorylation and oxidation levels 
of CaMKII in myocardial cells, and reducing oxi-
dative stress in diabetic cardiomyopathy.

CONCLUSIONS: Valsartan could improve 
CaMKII in myocardial cells to enhance oxida-
tive stress of DM mice, thus improving the car-
diac function. 

Key Words
Valsartan, Cardiac function, CaMKII.

Introduction

Diabetes mellitus (DM) is a disease seriously 
threatening health around the world1. The num-
ber of DM patients has been increased year by 
year. There have been 771 million people diag-

nosed with DM in 2000, which is expected to 
be increased to 366 million by 20302. According 
to existing studies, changes in the myocardial 
structure of DM patients are not subjected to cor-
onary heart disease and hypertension3. Therefore, 
diabetic cardiomyopathy has been recognized as 
a special complication of DM, resulting from a 
variety of factors, including dysfunctions in me-
tabolism and calcium ions3.

There is an evident relationship between 
hyperactivation of the renin-angiotensin system 
(RAS) and DM-triggered myocardial damage4. 
RAS exerts crucial effects on myocardial hy-
pertrophy and interstitial fibrosis. As a vital 
bioactive substance of RAS, angiotensin II plays 
a decisive role in regulating blood volume and 
hemodynamics5. Under pathological conditions, 
high-dose angiotensin can exert a direct effect 
on the heart, thereby causing cardiac hypertro-
phy6. Angiotensin exerts its role via binding to 
its corresponding receptors. There are numerous 
type I high-affinity receptors for angiotensin II 
in the human and mouse hearts7. Angiotensin II 
can affect the productions of a series of inflam-
matory cytokines through the receptors, thus 
further reconstructing the myocardium8. Valsar-
tan is a type I receptor antagonist of angiotensin 
II, which exerts a protective role in myocardial 
remodeling and is frequently applied as an anti-
hypertensive drug9.

In the heart, Ca2+/calmodulin-dependent pro-
tein kinase II (CaMKII) is an enzyme possess-
ing important regulatory functions10. During 
cardiac remodeling, CaMKII can be activat-
ed by the increased intracellular calcium and 
the excessive reactive oxygen species (ROS)11. 
Some studies have revealed that knockdown of 
CaMKII can enhance cardiac hypertrophy and 
myocardial remodeling3. It has been verified that 
valsartan can inhibit CaMKII activity so as to 
improve myocardial damage after heart failure. 
We wondered if valsartan can ameliorate diabet-
ic cardiomyopathy12.
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Materials and Methods 

Animal Model
A total of 30 8-week-old male C57bl6/J mice 

were randomly divided into 3 groups: control 
group (n=10), DM group (n=10), and valsartan 
group (n=10). Streptozotocin (STZ) was previous-
ly dissolved in citrate buffer and intraperitoneally 
injected into mice in DM group and valsartan 
group at a concentration of 50 mg/kg/d for con-
secutive 5 days. One week after the construction 
of DM mouse model, fasting blood glucose and 
fasting insulin in each mouse were measured 
again. Fasting blood glucose in DM mice was 
higher than 250 mg/dL. Valsartan group received 
gavage at a concentration of 2 mg/kg daily, while 
mice in DM group were given to the same amount 
of normal saline. Mice were maintained in an en-
vironment with (50±15)% of relative humidity at 
(21±2)°C under a 12 h/12 h light/dark cycle for a 
total of 10 weeks. At the end of the experiment, 
the mice were executed after fasting overnight 
for further experiments. This study was approved 
by the Animal Ethics Committee of Liaocheng 
People’s Hospital University Animal Center.

Measurement Via 
Echocardiograms

Transthoracic echocardiograms of DM mice 
were established before and at 0, 4, 6, 8, and 10 
weeks after the injection of STZ using VisualSoC-
VIEVO 2100 and a 35-MHz probe, respectively. 
The mice were anesthetized using isoflurane, and 
the heart rate (HR) of the mice was maintained 
between 400 and 500 beats per minute. Cardiac 
imaging proceeded in two-dimensional, short-ax-
is and four-chamber fields of view. Left ventric-
ular fractional shortening (FS), ejection fraction 
(EF), heart rate (HR), isovolumic relaxation time 
(IVRT), peak velocity of filling waves in early 
diastole (E), peak velocity in late diastole (A) and 
mitral deceleration time were measured.

Mean Arterial Pressure (MAP)
At the end of the experiment, MAP was de-

tected. After the mice were anesthetized, the right 
carotid artery was cannulated, and the arterial 
blood pressure was measured using a blood pres-
sure analyzer. MAP was calculated as follows: 
1/3 systolic pressure + 2/3 diastolic pressure.

Reactive Oxygen Species (ROS) Staining
After fixed with 4% paraformaldehyde (Yeasen, 

Shanghai, China), the sections were frozen by opti-

mal cutting temperature (OCT) compounds. Then, 
the frozen sections (20 μm) were incubated with 10 
μM superoxide anion fluorescent probe [dihydro-
ethidium (DHE) (Abcam, Cambridge, MA, USA)] 
at 37°C for 30 min in the dark. A Leica microscope 
was adopted to obtain fluorescence images, which 
were analyzed using ImageJ. Finally, the average 
DHE fluorescence intensity was calculated and 
analyzed.

Western Blotting 
The extracted tissues were ground with 

liquid nitrogen and diluted with normal saline. 
After standing on ice, the supernatant was 
taken, which was then discarded after cen-
trifugation at 4°C for 5 min. The precipitate 
was resuspended with radioimmunoprecipita-
tion assay (RIPA) lysate containing phenyl-
methanesulfonyl f luoride (PMSF) (Beyotime, 
Shanghai, China). After lysis, the sections 
were centrifuged at 16,000 g/min at 4°C for 15 
min, and the supernatant was taken for protein 
quantitation. The protein was added with the 
sample buffer and heated for denaturation. 
Subsequently, sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) 
was conducted, followed by membrane trans-
fer. After that, the membrane was blocked 
with 5% skim milk for 2 h, and the primary 
antibody was added for incubation at 4°C over-
night, followed by washing with Tris-Buffered 
Saline with Tween 20 (TBST) (Beyotime, 
Shanghai, China) for 3 times with 10 min each 
time. The corresponding secondary antibody 
was added for incubation at room temperature 
for 1 h, followed by washing with TBST for 
3 times with 10 min each time. Ultimately, 
the protein expression level of different sam-
ples was detected by electrochemilumines-
cence (ECL) assay (Thermo Fisher Scientific, 
Waltham, MA, USA).

Statistical Analysis
Data were expressed as mean ± standard 

deviation and analyzed using paired or unpaired 
t-test. Comparison between groups was done 
using One-way ANOVA test followed by Post 
Hoc Test (Least Significant Difference). p<0.05 
represented that the difference was statistically 
significant. Data were analyzed using Statistical 
Product and Service Solutions (SPSS) 20.0 soft-
ware (IBM, Armonk, NY, USA), and the plotting 
was performed using GraphPad software (Ver-
sion X; La Jolla, CA, USA).
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Results

There Were no Significant Differences
in Body Weight, Blood Glucose, 
and MAP Among the Three Groups

The body weight and blood glucose of mice 
in each group were tested every two weeks. 
During the 10-week observation, there were no 
remarkable differences in body weight and blood 
glucose between DM group and valsartan group 
(Figure 1A and 1B). Besides, there were no 
evident differences in the ratio of heart weight 
to length of patella and MAP among groups as 
well (Figure 1C), indicating that valsartan exerts 
no significant effect on blood glucose and blood 
pressure in mice.

Valsartan Could Improve the Diastolic
Dysfunction and Hyperglycemia-
Induced Systolic Functional Decline

Based on echocardiograms, E/A ratio, IVRT 
and mitral deceleration time were measured for 
accessing the diastolic function of mice in each 
group. At the end of the experiment, the E/A 
ratio declined, IVRT and the mitral deceleration 

time were prolonged in DM group. However, 
E/A ratio, IVRT and the mitral deceleration time 
were not changed at the end of the study in val-
sartan group, indicating that diastolic dysfunction 
triggered by hyperglycemia can be improved by 
valsartan (Figure 2).

Other than effects on the diastolic function, 
the systolic function was changed by hypergly-
cemia. Echocardiograms were applied to measure 
EF, ES, HR, and CO, so as to assess the systolic 
function of the mouse heart. After 10 weeks, 
there were significant decreases in the EF and FS 
of the mice in DM group; EF and FS in valsartan 
group were increased compared with those in 
DM group. There were no evident differences in 
HR and CO among groups (Figure 3).

Valsartan Reduced Oxidative 
Stress Caused by Hyperglycemia

Oxidative stress is not only the basis for trigger-
ing a train of pathophysiological problems during 
the disease process of DM, but also an important 
incentive of diabetic cardiomyopathy and ventric-
ular remodeling. The frozen heart stained by DHE 
was used for analyzing the level of oxidative stress. 

A
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B

D

Figure 1. Body weight (A), blood glucose (B), MAP (C) and Heart Weight/tibia length ratio (D) at the end of the study. Data 
were expressed as the mean ± standard error of measurement (SEM). *p<0.05 vs. before STZ in each group.
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E

Figure 2. Mitral valve flow velocity (E/A) in each group: before STZ injection and at 10 weeks (A). Deceleration time of early 
mitral inflow in each group: before STZ injection and at 10 weeks (B). IVRT in each group: before STZ injection and at 10 
weeks (C). Ejection Fraction (D) and fractional shortening (E) in each group: before STZ injection and at 10 weeks. Data were 
expressed as the mean ± SEM. *p<0.05 vs. before STZ treatment in each group. 
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The DHE fluorescence intensity of mice in DM 
group was evidently increased compared with 
that in control group, while that in valsartan 
group was decreased compared with that in DM 
group (Figure 4).

Valsartan Could Improve the Phosphorylation 
and Oxidation of CaMKII Stimulated by Hyper-
glycemia, and Enhance the Stability of Calcium 
Ion Regulation

Western blotting was performed to analyze 
the effects of valsartan on the levels of phos-
phorylated CaMKII (P-CaMKII) and oxidized 
CaMKII (O-CaMKII). The protein expressions 
of P-CaMKII and O-CaMKII in DM group were 
increased, which were lower in valsartan group 
compared with those in DM group. Additionally, 
phospholamban (PLN), an inhibitor of SR Ca2+ 
ATPase 2a (SERCA2a), and the sarcoplasmic re-
ticulum (SR) calcium release channel [ryanodine 
receptor 2 (RYR2)] was detected. The expression 
of RyR2 in DM group was reduced, but it was 
increased in valsartan group compared with that 
in DM group. PLN mainly exerts its biologi-
cal function in dephosphorylation state. In DM 
group, the expression of dephosphorylated PLN 
was increased, which could be recovered by val-
sartan (Figure 5).

Discussion

Diabetic cardiomyopathy is featured with 
ventricular dysfunction and exhibits diastolic 
dysfunction in the early phase in DM patients 
without coronary artery disease or hypertension9. 
Both the diastolic and systolic dysfunctions of 
the myocardium in DM mice were observed in 
this work. Besides, oxidative stress is the main 
mechanism of impaired cardiac function in DM 
patients2. Oxidative stress and excessive accumu-
lation of ROS in myocardial cells of DM mice 
could be observed.

RAS exerts a crucial effect on the generation 
of oxidative stress via the circulatory system 
and local tissues13. RAS can trigger local tissue 
hypertrophy, fibrosis, inflammation, oxidative 
stress, and other changes14. In the occurrence of 
diabetic cardiomyopathy, RAS is also increased 
locally. As an antagonist of angiotensin II recep-
tor, valsartan protects heart function through an-
tagonizing the RAS9. In this study, valsartan im-
proved myocardial function in DM mice, which 
was not constrained by its effects on the body 
weight and blood pressure in mice. Valsartan 
also elevated the level of oxidative stress in mice 
and reduced ROS production in myocardial cells.

C
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Figure 3. Representative 
pulsed-wave Doppler images 
of mitral valve flow of mice 
in Control group and DM 
group at the end of study (A, 
B, respectively). Representa-
tive M-Mode short axis view 
in control group and DM 
group at the end of study (C, 
and D, respectively).
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Based on previous studies, activities of calci-
um, calcium-sodium exchange, sodium, potassi-
um, and adenylpyrophosphatase (ATPase) in the 
myocardial cell membrane of diabetic cardiomy-
opathy are markedly reduced. Calcium activity 
in the sarcoplasmic reticulum is remarkably low-
ered, thus leading to excessive intracellular calci-
um, damaged mitochondrial respiratory function, 
and decreased myocardial function15. Ca/CaMKII 
stimulates cardiomyocyte apoptosis and patholog-
ical hypertrophy, and influences electrophysiology, 
leading to myocardium alterations, chamber re-
modeling, arrhythmia, and even death. During the 
disease course of heart failure, CaMKII activation 
is triggered by its phosphorylation and oxidation16. 
Long-term elevation of Ca/CaM stimulates the 
phosphorylation of CaMKII at Thr286/287, lead-
ing to an increased affinity for Ca/CaM17. The 
activation of CaMKII mediated by ROS has been 
reported in recent years, and Met281/281 is the 
site for oxidation and activation18. The oxidation 
of CaMKII depends on the initial binding to Ca/

CaM, and the dependency on Ca activated by 
CaMKII can be reduced after oxidation. There-
fore, the autophosphorylation of CaMKII and the 
oxidation of Met are interactional processes19. The 
phosphorylation and oxidization levels CaMKIIs 
were altered in this experiment. During the onset 
of DM, the dual-function of phosphorylated and 
oxidative CaMKII exerts effects on the myocardi-
um. However, valsartan could improve myocardial 
function in DM rats by lessening phosphorylation 
and oxidation of CaMKII.

In the process of myocardial contraction, a 
small quantity of Ca2+ enters myocardial cells to 
induce the release of numerous Ca2+ from the sar-
coplasmic reticulum via SR calcium (RyR2)20. In 
the diastolic phase, RyR2 recaptures most of the 
Ca2+ in the cytoplasm. RyR2 abnormalities can 
result in the leakage of Ca2+, thus leading to ma-
lignant arrhythmias21,22. After dephosphorylation, 
the induced active monomer PLN (an inhibitory 
protein of the matrix receptor 2a) can be regarded 
as an inhibitor of SR Ca2+ ATPase 2a (SERCA2a). 

Figure 4. Representa-
tive fluorescence images 
of heart sections stained 
with DHE (magnifica-
tion = 400×) in each group, 
(n = 4) (A, B, C). D, DHE 
fluorescence intensity was 
calculated from six im-
ages each heart and four 
hearts per group. Data were 
shown as the mean ± SEM. 
*p<0.05 vs. control group.
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PLN decreases the affinity of SERCA2a for calci-
um ions, aggravates the consumption of calcium 
and further accelerates changes in the heart mus-
cle23. The protective role of valsartan in maintain-
ing the stability of calcium ions was indicated by 
detecting expressions of RyR2 and PLN.

Conclusions

This investigation indicated that valsartan can 
improve phosphorylation and oxidation levels of 
CaMKII in myocardial cells to reduce oxidative 
stress of DM mice, thus improving the cardiac 
function.
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