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Breviscapine ameliorates hypertrophy of
cardiomyocytes induced by high glucose in diabetic
rats via the PKC signaling pathway

Min WANG, Wen-bin ZHANG, Jun-hui ZHU, Guo-sheng FU, Bin-quan ZHOU™

Key Laboratory of Biotherapy of Zhejiang Province, Sir Run Run Shaw Hospital, College of Medicine, Zhejiang University, Hangzhou

310016, China

Aim: To investigate the influence of breviscapine on high glucose-induced hypertrophy of cardiomyocytes and the relevant mechanism

in vitro and in vivo.

Methods: Cultured neonatal cardiomyocytes were divided into i) control; ii) high glucose concentrations; iii) high glucose+PKC inhibi-
tor Ro-31-8220; iv) high glucose+breviscapine; or v) high glucose+NF-kB inhibitor BAY11-7082. Cellular contraction frequency and
volumes were measured; the expression of protein kinase C (PKC), NF-kB, TNF-t, and c-fos were assessed by Western blot or reverse
transcription-polymerase chain reaction (RT-PCR). Diabetic rats were induced by a single intraperitoneal injection of streptozotocin,
and randomly divided into i) control rats; ii) diabetic rats; or iii) diabetic rats administered with breviscapine (10 or 25 mgkg*d™). After
treatment with breviscapine for six weeks, the echocardiographic parameters were measured. All rats were then sacrificed and heart
tissue was obtained for microscopy. The expression patterns of PKC, NF-kB, TNF-«, and c-fos were measured by Western blot or RT-

PCR.

Results: Cardiomyocytes cultured in a high concentration of glucose showed an increased pulsatile frequency and cellular volume, as
well as a higher expression of PKC, NF-kB, TNF-a, and c-fos compared with the control group. Breviscapine could partly prevent these
changes. Diabetic rats showed relative cardiac hypertrophy and a higher expression of PKC, NF-kB, TNF-c, and c-fos; treatment with
breviscapine could ameliorate these changes in diabetic cardiomyopathy.

Conclusion: Breviscapine prevented cardiac hypertrophy in diabetic rats by inhibiting the expression of PKC, which may have a protec-
tive effect in the pathogenesis of diabetic cardiomyopathy via the PKC/NF-kB/c-fos signal transduction pathway.
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Introduction

The worldwide prevalence of diabetes mellitus was esti-
mated to be 2.8% in 2000 and is projected to reach 4.4% by
2030™. Diabetic cardiomyopathy that occurs independently
of coronary artery disease and hypertension is one of the most
prevalent cardiovascular complications of diabetes™ . Many
epidemiological and clinical studies have shown that chronic
hyperglycemia is a major initiator of diabetic cardiovascular
complications. High glucose regulates structural and func-
tional changes of cardiomyocytes via the activation of several
signal transduction pathways, such as increased polyol path-
way flux, altered cellular redox states, increased formation of
diacylglycerol (DAG) and the subsequent activation of pro-
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tein kinase C (PKC) isoforms, and accelerated non-enzymatic
formation of advanced glycated end products™ . Increased
expression and activity of PKC causes modifications in the
extracellular matrix, induces hypertrophy of cardiomyocytes,
microangiopathy of the heart, fibrosis of the interstitium, and
eventually leads to heart failure!”. Among the signal path-
ways listed above, the DAG-PKC signal pathway is consid-
ered to be one of the most important intracellular transduction
pathways that functions as a core effector in the onset and
progression of diabetic cardiomyopathy!”.

The PKC family comprises more than ten different isozymes;
with respect to the heart, PKC-a and PKC-f32 are the predomi-
nant Ca**-dependent PKC isoforms. A number of reports
have associated PKC with many structural and functional
abnormalities in cardiovascular disease such as cardiac hyper-
trophy, dilated cardiomyopathy, ischemic injury and heart
failure. Additionally, inhibition of PKC has been reported to
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have a protective effect on both structural abnormalities and
cardiac dysfunction. Most studies have shown that hyperg-
lycemia could induce over-expression of PKC-a and PKC-{32
in the early stages of the pathological development of diabetic
cardiomyopathy, and is likely to be responsible for the pathol-
ogies in diabetic cardiomyopathy!® .
that PKC plays in the alteration of cardiomyocytes and its

However, the exact role

underlying downstream signal transduction pathways is still
unclear.

NEF-xB is a transcription factor that directly regulates the
expression of a number of genes that are involved in the stress
and inflammatory response following a variety of physiologi-
cal or pathological stimuli””. Recent studies have shown
that activation of NF-kB may function as a causal event in the
cardiac hypertrophic response as modeled in cultured cardio-
myocytes!! and that NF-xB inhibition could attenuate or block
the hypertrophy of cultured cardiomyocytes”. As NF-«xB-
induced oxidative stress generated by hyperglycemia is one of
the major mediators of diabetic cardiomyopathy™!, NF-«B is
considered as a necessary regulator of the cardiac response in
the pathogenesis of diabetic cardiomyopathy!™.

Tumor necrosis factor alpha (TNF-a) is a significant contrib-
utor to myocardial dysfunction as cardiomyocytes have been
identified as a principal target of the proinflammatory actions
of TNF-a. Significantly increased expression of TNF-a is
found in stretch-induced or hemodynamic overload-induced
cardiac hypertrophy in cultured cardiomyocytes. In models
of heart failure and cardiomyopathy, TNF-a transcription can
be activated by NF-«B, and NF-xB itself is also dominantly
regulated by TNF-a. Increased expression of TNF-a triggers
NF-xB translocation to the nucleus, where it activates tran-
scription of many inflammatory and immune response target
genes.

c-fos is one of the immediate early genes and fetal contrac-
tile protein genes that regulates protein synthesis in cardio-
myocytes. It is reported to be stimulated in ischemic injury,
heart failure and cardiomyopathy!
c-fos has also been reported in both angiotensin II-induced or

. Increased expression of

mechanical stress-induced hypertrophy of cardiomyocytes.
The PKC/c-fos pathway has been shown to be involved in
endothelin-1-induced proliferation and hypertrophy of rat
cardiac myocytes!"®!
ried out in models of heart failure and ischemic injury, little is

. As most of the studies above were car-

known about the effect of c-fos on cardiac hypertrophy with
respect to diabetic cardiomyopathy.

Breviscapine (C,H;504,) is a flavonoid extracted from
Erigeron breviscapus and its essential active ingredient is fla-
vones. Based on experimental study and clinical observation,
the pharmacological actions of breviscapine include dilating
micro-blood vessels, reducing blood viscosity, and improving
microcirculation. Studies have shown that breviscapine could
inhibit the activity of PKC!"¥ and has a protective effect on
diabetic nephropathy, but little is known about the influence
of breviscapine on diabetic cardiomyopathy and its underly-
ing mechanisms.

In this study, we aimed to investigate the role of PKC and
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its downstream PKC/NF-xB/c-fos signaling pathway in the
hypertrophy associated with diabetic cardiomyopathy, and
also to study the protective effect of the PKC inhibitor, brevis-
capine, in the pathogenesis of diabetic cardiomyopathy.

Materials and methods

Experimental animals

One-day-old Sprague-Dawley rats (provided by the experi-
mental animal center of Zhejiang University) were used for
in vitro cell cultures; male Sprague-Dawley rats [certificate
number: SCXK (Zhe) 2007-0029; body weight: 166.72+10.26 g,
total range 138-186 g] were used for the animal experiments.
All procedures were approved by the Ethics Committee for
the Use of Experimental Animals in Zhejiang University; all
the experiments followed the instructions for animal care and
usage provided by the institution.

Drugs and chemicals

Trypsin and DMEM were purchased from Gibco Chemical
Co; glucose, streptozotocin, Ro-31-8220 and BAY11-7082 were
obtained from Sigma Chemical Co. Breviscapine was obtained
from Shanghai RongHe Bioengineering Co (CyH;504,, purity
>98%; Shanghai, China). Primary antibodies included mouse
anti-PKC-a, rabbit anti-PKC-32, goat anti-p-PKC-a, goat anti-
p-PKC-B2, mouse anti-NF-xB, rabbit anti-p-NF-«B, rabbit anti-
c-fos antibody and rabbit anti-p-actin (Santa Cruz). Secondary
antibodies included goat anti-rabbit, rabbit anti-goat, and goat
anti-mouse antibody (Zhongshan Co, Beijing, China). The
TNF-a primers were (387 bp): 5-GAA CAA CCC TAC GAG
CAC CT-%, 5-GGG TAG TTT GGC TGG GAT AA-3’; the
GAPDH primer (350 bp): 5-GGT CGG AGT CAA CGG ATT
TG-3’, 5-ATG AGC CCC AGC CTT CTC CAT-3’ (Shanghai
Sangon Biological Engineering Technology and Services Co,
Shanghai, China). dNTPs, Taq enzyme, M-MLV, MgCl, and
RNasin were purchased from Promega Co; Oligo(dT);s was
obtained from Shanghai Sangon Biological Engineering Tech-
nology and Services Co.

Culture of neonatal rat ventricular myocytes
Ventricular myocytes were cultured as described pre-
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Briefly, one-day-old Sprague-Dawley rats were
sacrificed and their hearts were isolated, and the ventricles
were dissected and digested with a buffer solution containing
0.125% trypsin and 1% collagenase for 10 min at 37 °C. The
cell supernatant was collected and DMEM cell culture medium
containing 15% fetal bovine serum was added to stop the
digestive effect of trypsin and collagenase. The above steps
were repeated three to five times until the ventricles were
completely digested; the cell supernatant was then collected
by centrifugation, after which the pellet was resuspended and
collected by centrifugation again. After resuspension with
DMEM and the cell culture medium containing 15% fetal
bovine serum and penicillin-streptomycin, the cell suspension
was diluted to (1-5)x10°/mL and placed in 6-well cell culture
plates in a humidified 5%CO,/95% at 37 °C. In the first three
days, 5-BrU (0.1 mmol/L) was added to inhibit the growth of
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fibroblasts. The cells were changed to a serum-free DMEM
culture medium and cultured for 48 h before being divided
into different groups.

Division of cultured cardiomyocytes

After the initial 48 h serum-free culture, cells were divided
into different glucose levels according to previously described
research” as follows: the control glucose (5 mmol/L) group,
high glucose (25.5 mmol/L) group, high glucose plus PKC
inhibitor Ro-31-8220 (50 nmol/L) group, high glucose plus
breviscapine (10, 20, and 60 mmol/L) group, and high glucose
plus NF-xB inhibitor BAY11-7082 (5 pmol/L) group. After the
addition of those drugs, the different groups of cardiomyo-
cytes were cultured for an additional 12 h.

Determination of cellular pulsatile frequency and measurement
of cellular size

An inverted microscope and dish were put into lucite cou-
veuse, which was equipped with a homoiothermy air convec-
tion assembly. The dishes were fully covered by convection
air at 37 °C. For the study of cellular pulsatile frequencies, five
fields were randomly chosen from each group, and 20 individ-
ual cells were counted from each field using the high power
(%400) ocular lens of the inverted microscope. The volume
of ventricular myocytes was obtained by measuring cellular
diameter under an inverted microscope; five fields were ran-
domly chosen from each group and 20 individual cells were
counted from each field for cellular size measurements.

Western blot analysis of cultured cardiomyocytes

The cells were washed twice with PBS and lysed at 4 °C with
lysis buffer containing 25 mmol/L Tris (pH 7.4), 5 mmol/L
EDTA, 10 mmol/L sodium pyrophosphate, 1 mmol/L Na;VO,,
1 mmol/L dithiothreitol, 1 mmol/L PMSF and 10 mg/L apro-
tinin. The protein expression of PKC, NF-xB, and c-fos were
measured by Western blot and normalized to the protein level
of B-actin. Equal amounts of total protein (40 pg) from each
lysate were resolved by SDS/PAGE [10% (w/v) gel] and then
transferred into PVDF membranes. After the membranes were
blocked with 5% non-fat milk dissolved in TBS (20 mmol/L
Tris HCI and 0.5 mol/L NaCl, pH 7.4) for 1 h at room tem-
perature, the filters were incubated respectively with primary
antibodies (mouse anti-PKC-a, rabbit anti-PKC-f2, goat anti-
p-PKC-a, goat anti-p-PKC-f2, mouse anti-NF-«B, rabbit anti-
p-NF-xB and rabbit anti-c-fos antibody, Santa Cruz, 1:1000
dilution) overnight at 4 °C. After being washed three times
with TBST buffer (0.05% Tween 20 in TBS, pH 7.4) for 10 min
each time, the filters were incubated with horseradish perox-
idase-conjugated secondary antibodies for 1 h, followed by
three washes with TBST buffer for 10 min each. At last, anti-
body-antigen complexes were detected in all the membranes
by enhanced chemiluminescence (ECL)-detection reagents and
exposed to an X-OMAT AR X-ray film (Kodak Inc). The inten-
sity of these protein bands was quantified by densitometry
and normalized to B-actin (Zhongshan Bio-tech, China).

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis of cultured cardiomyocytes

The cultured cardiomyocytes were washed twice with PBS
and lysed in 1 ml of trizol reagent for 5 min. Total RNA was
extracted with Trizol reagent according to the manufacturer’s
instructions. RNA content was assessed by light absorbance
at 260 nm, and purity was determined according to A/ Assp
ratios. A quantity of 5 pg of total RNA was reversely tran-
scribed into cDNA in a 50-pL reaction mixture containing
0.1 pg random hexamers and 400 U of M-MLV transcriptase,
and subsequently amplified by PCR using primers listed
above. The 25 pL of reaction mixture for PCR contained 2
pL of the cDNA, 20 pmol/L of each dNTP, 400 pmol of each
specific primer, 25 mmol/L MgCl, 1.5 pL, and 1U Tag DNA
polymerase. The resulting products were separated on 1.2%
agarose gel and stained with ethidium bromide. The intensity
of the bands was quantified by an image analysis scanning
system, and normalized by GAPDH as a control.

Animal experiment groups and measurement of cardiac
hypertrophy

Diabetes in rats was induced by an intraperitoneal injection
of 70 mg/kg streptozotozin, and the age and weight-matched
control rats received saline only. All the rats were housed
in groups of four per cage and given free access to food and
water at a constant temperature of 22+2 °C, with a 12 h light/
dark cycle. About 72 h after streptozotocin injection, blood
samples were taken from the caudal vein to measure glucose
levels using a glucometer (One Touch II glucometer) and were
repeated every week for each rat. Rats in which glucose levels
measured >16.7 mmol/L at least three times were categorized
as diabetic rats. Four weeks after injection of strepozotozin
or vehicle, all rats were randomly divided into the following
groups: i) normal control rats (Control, n=10); ii) untreated
diabetic rats (DM, n=10); iii) diabetic rats administered with
low dose breviscapine (10 mgkg'-d", DM+LDB, n=10); or
iv) diabetic rats administered with high-dose breviscapine
(25 mg'kg'-d”, DM+HDB, n=10). Breviscapine was admin-
istered through an intragastric tube daily for six weeks and
the control rats received saline only. In total, two rats in the
DM group, and in the DM+LBD and the DM+HBD groups,
we both found one rat dead during the experimental period.
At the end of the experiment, all rats in different groups
were weighed and anesthetized with 10% hydrated chloral
(400 mg/kg); then, echocardiography was performed using a
Hewlett-Packard 5500 instrument (Hewlett-Packard Co) with
a 14-MHz compact linear-array probe. Echocardiographic
measurements were taken on M-mode in triplicate for each
rat. The following measurements were taken to evaluate the
cardiac structure and function: interventricular septal dimen-
sions, left ventricular posterior wall dimensions, and left ven-
tricular internal dimensions at end diastole (IVSd, LVPWd,
and LVIDd, respectively) and at end systole (IVSs, LVPWs,
and LVIDs, respectively). Moreover, these dimensions were
also used to calculate the cardiac function parameters such as
ejection fraction (EF), IVS percentage and LVPW percentage.
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The rats were then killed by cervical dissociation, the hearts
were isolated, and the whole heart weight (LW) and the left
ventricular weight (LVW) of each rat were measured, respec-
tively.

Transmission electron microscopy

Selected samples of cardiac tissue from rats of each group
were minced into small pieces (€1 mm?), and fixed in 2.5% glu-
taraldehyde in 0.1 mol/L sodium cacodylate buffer (pH 7.3)
for 2 h. The specimens were then rinsed in buffer, post-fixed
in cacodylate-buffered 2% OsO,, stained en bloc in uranyl
acetate, dehydrated in an ethanol gradient, and embedded in
epoxy resin by standard procedures. Finally, 50-70 mm super-
thin slices were prepared. Thin sections were stained with
uranyl acetate and lead citrate and examined with a Philips
TECNA10 electron microscope.

Western blot analysis of animal heart tissues

After the hearts were removed rapidly from rats, the atria and
aorta were cut off, then the ventricles were freeze-clamped
at liquid N, temperature and stored at -80 °C. Total proteins
were extracted from the frozen LV tissues and the concentra-
tion was determined by the Lowry method. The myocar-
dial expression of PKC, NF-xB, and c-fos was measured by
Western blot and normalized to the protein level of B-actin as
described above.

RT-PCR analysis of animal heart tissues

Ventricular tissues were pulverized to a powder and lysed in 1
mL of Trizol reagent for 5 min. Total RNA was extracted with
Trizol reagent according to the manufacturer’s instructions
and assessed by light absorbance at 260 nm; purity was deter-
mined according to A/ Ag ratios. A quantity of 5 pg of total
RNA was reversely transcribed and subsequently amplified
by PCR as described above. The resulting products were sepa-
rated on 1.2% agarose gel and stained with ethidium bromide.
The intensity of the bands was quantified by an image analysis
scanning system, and normalized by GAPDH as the control.

Statistics

All data were presented as mean+SEM, and were analyzed
using SPSS 15.0 software. Comparisons among groups were
made by an unpaired Student’s ¢ test. A value of P<0.05 was
considered statistically significant.

Results

Breviscapine decreased the pulsatile frequency and cellular size
of cardiomyocytes cultured in high glucose levels

The cardiomyocytes cultured in a high glucose concentration
showed an increased pulsatile frequency and higher cellular
volumes compared with those cultured in normal glucose
levels (P<0.05). After adding PKC inhibitor Ro-31-8220 (50
nmol/L), breviscapine (10, 20, and 60 mmol/L), and NF-xB
inhibitor BAY11-7082 (5 umol/L), the pulsatile frequency
and cellular size of cardiomyocytes decreased significantly
(P<0.05). The result is shown in Table 1.
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Table 1. Effect of Ro-31-8220, BAY11-7082, breviscapine on pulsatile
frequency and cellular size of cultured cardiomyocytes.

Diameter Pulsatile

(um) frequency

(bpm/min)
Normal glucose (5 mmol/L) 18.64+0.83 63.35+2.830
High glucose (25.5 mmol/L) 24.29+1.04° 86.04+4.299"
High glucose+Ro0-31-8220 19.68+1.01° 78.55+4.024°
High glucose+BAY11-7082 20.03+0.88° 78.51+3.669°
High glucose+breviscapine (10 mmol/L) 21.49+1.22° 81.33+4.652°

76.57+3.441°%"
73.00+3.551%

20.74+1.14°"
19.71+0.97%

High glucose+breviscapine (20 mmol/L)
High glucose+breviscapine (60 mmol/L)

Compared with normal glucose (5 mmol/L) group, the pulsatile
frequency and diameters of cardiomyocytes cultured in high glucose
(25.5 mmol/L) increased significantly, after adding Ro-31-8220, BAY11-
7082, and breviscapine, the pulsatile frequency and size of the cells
all decreased significantly, the reverse effect was more obvious as the
concentration of breviscapine increased. The results were expressed as
means+SEM (n=100). °P<0.05 vs control group (glucose: 5 mmol/L).
¢P<0.05 vs high glucose group (glucose: 25.5 mmol/L), "P<0.05
vs high glucose+breviscapine (10 mmol/L) group. “P<0.05 vs high
glucose+breviscapine (20 mmol/L) group.

Breviscapine decreased the expression and activity of PKC-a and
PKC-B2 in cardiomyocytes cultured in high glucose levels
Cardiomyocytes cultured in high glucose levels showed
higher expression of PKC-a and PKC-B2 and increased
activity of PKC-a and PKC-P2 at the same time, as reflected
by higher expression of p-PKC-a and p-PKC-2 than seen in
the control group (P<0.05). After adding PKC inhibitor Ro-31-
8220 and breviscapine (10 mmol/L, 20 mmol/L, 60 mmol/L),
the expression and activity of PKC-a and PKC-p2 decreased
significantly (P<0.05; Figures 1, 2).

Breviscapine decreased the expression of NF-kB, TNF-«, and
c-fos in cardiomyocytes cultured in high glucose levels

The expression of NF-xB, TNF-a, and c-fos was higher in car-
diomyocytes cultured in high glucose levels than in those cul-
tured in normal glucose levels, as the protein level of NF-«B,
p-NF-xB, c-fos, and mRNA level of TNF-a all significantly
increased (P<0.05). After adding PKC inhibitor, Ro-31-8220,
breviscapine (10, 20, and 60 mmol/L) and NF-xB inhibitor
BAY11-7082, the expression of NF-xB, TNF-a and c-fos all
decreased significantly (P<0.05), as shown in Figures 3, 4, and 5.

Breviscapine ameliorated cardiac hypertrophy and dysfunction in
diabetic rats

The body weight (BW), blood glucose (BG) level, LVW-to-HW
(left ventricular weight to heart weight ratio), LVW-to-BW
(left ventricular weight to body weight ratio) and HW-to-BW
(heart weight to body weight ratio) of all the rats in different
groups are presented in Table 2. The STZ-induced diabetic
rats had significantly lower mean body weights than those
of the age-matched control rats (P<0.05). Breviscapine treat-
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Figure 1. Breviscapine decreased the expression of PKC-a in high glucose
cultured cardiomyocytes. Cardiomyocytes cultured in high glucose
levels showed higher expression and activity of PKC-a compared with
control group. After adding PKC inhibitor Ro-31-8220 (50 nmol/L) and
breviscapine (10, 20, and 60 mmol/L), the expression and activity of
PKC-a decreased. n=4 or 5. Mean+SEM. °P<0.05 vs control group.
°P<0.05 vs high glucose group. (L: control glucose group; H: high
glucose group; Ro: high glucose+PKC inhibitor Ro-31-8220 group; B-10:
high glucose+10 mmol/L breviscapine; B-20: high glucose+20 mmol/L
breviscapine; B-60: high glucose+60 mmol/L breviscapine group).

ment significantly alleviated the weight loss in diabetic rats
(P<0.05). The average blood glucose levels were more than
16.7 mmol/L in the diabetic group and remained at this level
during the experimental period of ten weeks; treatment with
low (10 mg'kg™-d™) or high (25 mg-kg"-d") doses of brevis-
capine did not affect the blood glucose levels in diabetic rats.
The HW and LVW of the diabetic rats were lower than those
of the control rats (P<0.05), but the LVW-to-BW and LVW-
to-HW ratios in diabetic rats were significantly higher than
those of the control rats (P<0.05). After treatment with brevis-
capine, the HW and LVW of diabetic rats increased while the
LVW-to-BW and LVW-to-HW ratios decreased significantly
compared to diabetic rats (P<0.05). The lower EF, IVS% and
LVPW% showed that diabetic rats displayed impaired cardiac
function (P<0.05). At the same time, diabetic rats showed rela
tive cardiac hypertrophy, as presented by the increased ratio

Table 2. General characteristics of experimental rats.
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Figure 2. Breviscapine decreased the expression of PKC-B2 in high
glucose cultured cardiomyocytes. Cardiomyocytes cultured in high
glucose levels showed higher expression and activity of PKC-B2 compared
with control group. After adding PKC inhibitor Ro-31-8220 (50 nmol/L)
and breviscapine (10, 20, and 60 mmol/L), the expression and activity
of PKC-B2 decreased. The results were shown in Figure 2 expressed
as means*SEM (n=4 or 5). °P<0.05 vs control group. °P<0.05 vs high
glucose group. (L: control glucose group; H: high glucose group; Ro: high
glucose+PKC inhibitor Ro-31-8220 group; B-10: high glucose+10 mmol/L
breviscapine; B-20: high glucose+20 mmol/L breviscapine; B-60: high
glucose+60 mmol/L breviscapine group).

of IVS-to-LVPW (P<0.05). After treatment with breviscapine,
the diabetic rats showed improved cardiac function as the
parameters of EF, IVS percentage, and LVPW percentage all
increased significantly (P<0.05). Also, cardiac hypertrophy
was prevented as the IVS-to-LVPW ratio decreased signifi-
cantly (P<0.05), as shown in Table 3. The protective effects of
breviscapine on cardiac function and hypertrophy were more
obvious in the high (25 mg'kg™-d") dose group than in the low
dose (10 mg-kg™-d™) group.

The effects of breviscapine on ultrastructural changes of the
diabetic rats’ heart tissues by transmission electron microscopy
analysis

Electron microscopic analysis of the myocardium revealed a
spectrum of abnormalities in the diabetic rats compared with
age-matched normal rats. Cardiac muscle cells in diabetic

Groups BW BG LVW/HW (%) LVW/BW (%) HW/BW (%)
Control 554.00+26.05 8.973+4.403 74.08+0.259 0.185+0.012 0.233+0.017
DM 250.00+31.43" 20.625+1.371° 80.11+2.302° 0.235+0.015" 0.303+0.007"
DM+LDB 313.00+18.19° 18.511+1.406" 76.88+0.827° 0.204+0.000° 0.275+0.001°
DM+HDB 357.33+12.66°" 19.050+3.803" 74.25+1.211°" 0.198+0.002° 0.267+0.006°

The body weight (BW), blood glucose level (BG), LVW-to-HW, LVW-to-BW, HW-to-BW ratio of all rats in different groups are presented in Table 1 (mean+SEM.
n=8-10 for each group). "P<0.05 vs control. °P<0.05 vs DM. "P<0.05 vs DM+LDB.

Acta Pharmacologica Sinica
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Figure 3. Breviscapine decreased the expression of NF-kB in high glucose
cultured cardiomyocytes. Cardiomyocytes cultured in high glucose levels
showed higher expression and increased activity of NF-kB compared
with control group. After adding PKC inhibitor Ro-31-8220 (50 nmol/L),
NF-kB inhibitor BAY11-7082 (5 umol/L) and breviscapine (10, 20, and
60 mmol/L), the expression and activity of NF-kB decreased as shown
in Figure 3. The results were expressed as means+SEM. n=4 or 5.
®P<0.05 vs control group. °P<0.05 vs high glucose group. (L: control
glucose group; H: high glucose group; Ro: high glucose+PKC inhibitor
R0-31-8220 group; B-10: high glucose+10 mmol/L breviscapine; B-20:
high glucose+20 mmol/L breviscapine; B-60: high glucose+60 mmol/L
breviscapine group; BAY: high glucose+NF-kB inhibitor BAY11-7082
group).
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Figure 4. Breviscapine decreased the expression of TNF-« in high glucose
cultured cardiomyocytes. Cardiomyocytes cultured in high glucose
levels showed higher expression of TNF-a compared with control group.
After adding PKC inhibitor Ro-31-8220 (50 nmol/L), NF-kB inhibitor
BAY11-7082 (5 umol/L) and breviscapine (10, 20, and 60 mmol/L),
the expression of TNF-a decreased compared with the cardiomyocytes
cultured in high glucose levels as shown in Figure 4. The results were
expressed as means+SEM. n=4 or 5. "P<0.05 vs control group. °P<0.05
vs high glucose group. (L: control glucose group; H: high glucose group;
Ro: high glucose+PKC inhibitor Ro-31-8220 group; B-10: high glucose+10
mmol/L breviscapine; B-20: high glucose+20 mmol/L breviscapine; B-60:
high glucose+60 mmol/L breviscapine group; BAY: high glucose+NF-kB
inhibitor BAY11-7082 group).

hearts showed loss and derangement of myofibrils compared
with controls. Swollen, clumped, fragmented and distended
mitochondria were evident in diabetic rat hearts, and the cris-

Acta Pharmacologica Sinica

c-fos - ——— ==

B-aCHIN ——————— ——

10D

L H

B-10 B20 B-60 Ro BAY

Figure 5. Breviscapine decreased the expression of c-fos in high glucose
cultured cardiomyocytes. Cardiomyocytes cultured in high glucose levels
showed higher expression of c-fos compared with control group. After
adding PKC inhibitor Ro-31-8220 (50 nmol/L), NF-kB inhibitor BAY11-
7082 (5 ymol/L) and breviscapine (10, 20, and 60 mmol/L), the
expression of c-fos decreased as shown in Figure 5. The results were
expressed as means+SEM. n=4 or 5. "P<0.05 vs control group. °P<0.05
vs high glucose group. (L: control glucose group; H: high glucose group;
Ro: high glucose+PKC inhibitor Ro-31-8220 group; B-10: high glucose+10
mmol/L breviscapine; B-20: high glucose+20 mmol/L breviscapine; B-60:
high glucose+60 mmol/L breviscapine group; BAY: high glucose+NF-«kB
inhibitor BAY11-7082 group).

Table 3. Breviscapine ameliorate cardiac dysfunction in diabetic
cardiomyopathy.

Groups Control DM DM+LDB DM+HDB
EF% 0.92+0.01 0.80+0.0° 0.85+0.02°  0.89+0.01°"
LVIDd 0.63+0.02 0.44+0.02° 0.50+0.01° 0.54+0.02°"
IVSs/LVPW  0.64+0.02 0.75+0.02°  0.72+0.02° 0.68+0.01°"
IVSd/LVPW  1.05+0.07 1.66+0.10°  1.55+0.03°  1.30+0.05°"
IVS% 54.86+4.47 45.22+1.24° 52.47+2.50° 57.03+2.63°
LVPW% 34.30+1.69 13.08+1.38° 35.33+1.54° 35.37+1.25°

The heart EF, LVIDd, IVSs-to-LVPW ratio, IVSd-to-LVPW ratio, IVS%, LVPW%
of all rats in different groups are presented as the mean+SEM in Table 2.
n=8-10 for each group. °P<0.05 vs control. ®P<0.05 vs DM. "P<0.05 vs
DM+LDB.

tae in the mitochondria appeared distorted and in some cases
were completely lysed. In addition, diabetic rat cardiomyo-
cytes had a dilated and swollen sarcoplasmic reticulum, and
the space between the intercalated disks was also widened.
Some disks were distorted and ruptured. After treatment with
breviscapine, the diabetic rats showed improved cardiac struc-
ture with a reversal of the loss and derangement of myofi-
brils. At the same time, the changes in the mitochondria were
reversed, and the dilated and swollen sarcoplasmic reticulum
was not as severe as in diabetic rats. The improvement of car-
diac structure was more obvious in diabetic rats administered
with 25 mg-kg'-d” breviscapine than in those who received 10
mg-kg'-d" breviscapine, so the beneficial effect of breviscapine
on the structural changes of diabetic cardiomyopathy may be
dose-related, as shown in Figures 6 and 7.
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Control

Figure 6. Ultrastructure of myocardium in rats. Control rat (x20000);
diabetic rat (DM, x20000); diabetic rat treated with low dose of
breviscapine (DM+LDB, x20000); diabetic rat treated with high dose
of breviscapine (DM+HDB, x20000); (U: the loss and derangement of
myofibrils; @: swollen and distended of mitochondria; 3): dilated and
fragmented sarcoplasmic reticulum.

Control
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0:5'um

Figure 7. Ultrastructure of myocardium in rats. Control rat (x50000);
diabetic rat (DM, x50000); diabetic rat treated with low dose of
breviscapine (DM+LDB, x50000); diabetic rat treated with high dose
of breviscapine (DM+HDB, x50000). (D: the loss and derangement of
myofibrils; @: swollen and distended of mitochondria; 3): dilated and
fragmented sarcoplasmic reticulum.

Breviscapine decreased the expression and activity of PKC-a and
PKC-B2in diabetic rat hearts

Protein expression of PKC-a and PKC-p2 and their activity,
p-PKC-a and p-PKC-P2, increased significantly in diabetic
rats compared with normal control rats (P<0.05). After treat-
ment with breviscapine, the increased expression of PKC-a
and PKC-PB2 and their activity p-PKC-a and p-PKC-p2 in the
diabetic rats hearts decreased significantly (P<0.05) as shown
in Figures 8 and 9. The reduced expression of PKC-a, PKC-
2, p-PKC-a, and p-PKC-B2 was more obvious in diabetic rats
treated with 25 mg-kg'-d" breviscapine than in those which
received 10 mg-kg"-d" breviscapine, so the protective effect of

PKC-a
P-PRC-O  —— S — —
Pactn  smswomsns CHEsmmer WESSESESD .y

B PKC«

O p-PKC-x
0.6 b

e
S 044
e
0.2 .
e
o ]
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Figure 8. Breviscapine decreased the expression of PKC-a in diabetic rats
hearts. Diabetic rats (DM) showed higher expression of PKC-a in heart
tissues compared with normal control ones (Control) analyzed by Western
blot. Treatment with breviscapine reduced the expression of PKC-« in
diabetic cardiomyopathy, the reduced expression of PKC-a was more
obvious in diabetic rats treated with breviscapine 25 mgkg™d™ (DM+HDB)
than those received 10 mgkg™d™ breviscapine (DM+LDB), B-actin was an
endogenous control. Each bar represents the mean+SEM. n=8-10 rats
for each group. °P<0.05 vs control group. °P<0.05 vs high glucose group.
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Figure 9. Breviscapine decreased the expression of PKC-B2 in diabetic
rats hearts. Diabetic rats (DM) showed higher expression of PKC-B2 in
heart tissues compared with normal control rats (Control). Treatment
with breviscapine could reduced the expression of PKC-B2 in diabetic
cardiomyopathy, the reduced expression of PKC-B2 was more obvious
in diabetic rats treated with 25 mgkgd™ (DM+HDB) breviscapine than
those received 10 mgkg™d™ breviscapine (DM+LDB), B-actin was an
endogenous control. Each bar represents the mean+SEM. n=8-10 rats
for each group. °P<0.05 vs control. ®P<0.05 vs DM.
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breviscapine on diabetic cardiomyopathy may be dose-related.

Breviscapine decreased the expression of NF-kB, TNF-«, and
c-fos in diabetic rat hearts

Protein expression of NF-xB and c-fos as well as the mRNA
level of TNF-a significantly increased in diabetic rats com-
pared with normal control rats (P<0.05). After treatment
with breviscapine, the increased protein expression of NF-xB,
TNF-a and c-fos in diabetic rats heart decreased (P<0.05) as
shown in Figures 10, 11, and 12 . The regulatory effect of bre-
viscapine on the expression of NF-xB, TNF-a, and c-fos was
more obvious in diabetic rats treated with 25 mg-kg™-d" brevis-
capine than in those who received 10 mg-kg™-d" breviscapine.

NF-kB
p-NF-kB
B-actin

1.0 1 b

W NF-«B
O p-NF-«B
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Figure 10. Breviscapine decreased the expression of NF-kB in diabetic
rats hearts. Diabetic rats (DM) showed higher expression of NF-kB in
heart tissues compared with normal control rats (Control). Treatment with
breviscapine reduced the expression of NF-kB in diabetic cardiomyopathy,
the reduced expression of NF-kB was more obvious in diabetic rats
treated with breviscapine 25 mg—kg’l-d'1 (DM+HDB) than those received
10 mgkg'd™ breviscapine (DM+LDB), B-actin was an endogenous control.
Each bar represents the meantSEM. n=8-10 rats for each group.
°P<0.05 vs control. °P<0.05 vs DM.
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Figure 11. Breviscapine decreased the expression of TNF-a in diabetic
rats hearts. Diabetic rats (DM) showed higher expression of TNF-a in
heart tissues compared with normal control rats (Control) analyzed by
RT-PCR. Treatment with breviscapine reduced the expression of TNF-a
in diabetic cardiomyopathy, the reduced expression of TNF-a was more
obvious in diabetic rats treated with breviscapine 25 mgkgd™ (DM+HDB)
than those received 10 mgkg™d™® breviscapine (DM+LDB), GAPDH was an
endogenous control. Each bar represents the meantSEM. n=8-10 rats
for each group. °P<0.05 vs control. °P<0.05 vs DM.
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Figure 12. Breviscapine decreased the expression of c-fos in diabetic rats
hearts. Diabetic rats (DM) showed higher expression of c-fos in heart
tissues compared with normal control rats (Control). Treatment with
breviscapine reduced the expression of c-fos in diabetic cardiomyopathy,
the reduced expression of c-fos was more obvious in diabetic rats treated
with breviscapine 25 mg-kg™d™ (DM+HDB) than those received 10
mgkg®d™ breviscapine (DM+LDB), B-actin was an endogenous control.
Each bar represents the meantSEM. n=8-10 rats for each group.
°P<0.05 vs control. ®P<0.05 vs DM.

Discussion

Diabetic cardiomyopathy is one of the most prevalent cardio-
vascular complications of diabetes mellitus, occurring inde-
pendently of coronary artery disease and hypertension®. The
associated typical pathological changes include hypertrophy
of cardiomyocytes, microangiopathy of the heart and fibrosis

[23]

of the interstitial substance Cardiomyopathy in diabetic

patients is characterized by early diastolic dysfunction, fol-

2-201 - However, the mecha-

lowed by late systolic dysfunction!
nism underlying the development of structural and functional
impairment in cardiomyopathy remains unknown; in particu-
lar, the intracellular signal transduction pathway that leads to
the pathological change of cardiomyocyte hypertrophy is still
unclear.

Previous studies have indicate that high glucose levels could
induce structural and functional changes in cardiac myocytes.
In this study, we discovered that cardiomyocytes cultured in
high levels of glucose showed increased pulsatile frequency
and obvious hypertrophy compared with cells cultured in
normal glucose levels, which correlates with previous studies.
High glucose could increase the pulsatile frequency of car-
diomyocytes by regulating the opening of voltage-dependent
channels that exist in the cytoplasmic membrane due to acti-
vation of tyrosine kinase™. Accelerated pulsatile frequency
causes increased energy expenditure, leading to energy
insufficiency and a series of negative manifestations, which
aggravate the impairment of cardiomyocytes induced by high
glucose levels.

We found that diabetic rats had a lower body weight, higher
blood glucose level, relative cardiac hypertrophy and impaired
cardiac function compared with those of the age-matched con-
trol rats. Breviscapine treatment did not influence the average
blood glucose levels, but the body weight increased, and the
cardiac hypertrophy and the impaired cardiac dysfunction
were also reversed in diabetic rats. The improvement of car-
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diac hypertrophy and cardiac dysfunction was more obvious
in diabetic rats administrated with 25 mg-kg™-d" breviscapine
than in those that received 10 mg-kg™-d™ breviscapine. There-
fore, breviscapine has a protective effect on both the structural
changes and cardiac dysfunction found in diabetic cardiomyo-
pathy.

To investigate whether the protective effect of breviscapine
is related to PKC, we examined the expression of PKC in cardi-
omyocytes. We found that both the cardiomyocytes cultured
in high glucose levels and the myocardium of diabetic rats
showed increased expression and activity of PKC-a and PKC-
B2, as reflected by the higher protein expression of PKC-a,
PKC-B2, p-PKC-a, and p-PKC-B2 when examined by Western
blot. This is in agreement with similar studies on diabetic and
heart failure animal models®™ >,
capine, both the cardiomyocytes cultured in high levels of glu-

After treatment with brevis-

cose and the diabetic rat hearts showed decreased expression
of PKC-a and PKC-f32, and the activity of PKC-a and PKC-32
also decreased significantly, which indicated that increased
levels of PKC-a and PKC-f2 are involved in the pathogenesis
of diabetic cardiomyopathy, and breviscapine has a protective
effect on the diabetic cardiomyopathy.

Thus, pharmacological inhibition of PKC activity could
reverse the hypertrophic changes in the myocardium in dia-
betic cardiomyopathy. There have been some studies on the
therapeutic action of PKC inhibitors on heart failure and isch-
emic injury. Studies that were done on ischemic and heart
failure animal models have also shown that NF-«B activation
as well as TNF-a were closely related to cardiac hypertrophy,
and over-expression of PKC could induce the expression of
proto-oncogenes such as c-fos and c-jun, leading to increased
activator protein one (AP-1) expression. AP-1 potentially stim-
ulates the transcription of type IV collagen, fibronectin, TGF-f3
and so on, leading to decreased contractility and permeability
of cardiomyocytes. This causes changes in the extracellular
matrix and induces hypertrophy of cardiomyocytes, microan-
giopathy of the heart and fibrosis of the interstitial substance,
which ultimately leads to heart failure.

In this study, we have found that the expression of NF-xB,
TNF-a and c-fos of the cardiomyocytes cultured in the high
glucose levels as well as diabetic rat hearts increased com-
pared with those of control groups. To investigate the mecha-
nism of action of PKC on the structural and functional changes
of diabetic cardiomyopathy, we used a PKCa/ 2 inhibitor
(Ro-31-8220) and an NF-xB inhibitor (BAY11-7082) to study
the signal transduction pathway of PKC and its downstream
effects. We discovered that the increased beating frequency
and hypertrophy of cardiomyocytes induced by high glucose
level were obviously reversed after using the selective PKCa/
B2 inhibitor Ro-31-8220, with depressed expression and activ-
ity of PKC-a and PKC-p2 and a remarkably decreased expres-
sion pattern of NF-kB, TNF-a, and c-fos. Similarly, after
using the NF-«B inhibitor, BAY11-7082, the increased beating
frequency and cardiac hypertrophy were also reversed, and
the expression of NF-kB, TNF-a, and c-fos were also remark-
ably reduced. Due to this phenomenon, we hypothesize that

hyperglycemia could result in a higher content of intracel-
lular DAG in the cardiomyocytes cultured in high levels of
glucose, leading to increased expression and activity of PKC-a
and PKC-PB2, which induce over-expression of NF-«B via the
PKC-IKK-NF-kB signal transduction pathway. NF-kB is a
transcription factor that can directly regulate the expression
of immediate-early genes and other genes that are involved
in the stress response following a variety of physiological or
pathological stimuli® *".
and sufficient for the hypertrophic response in heart failure,

Activation of NF-kB is necessary

as modeled in cultured cardiomyocytes. Recent studies have
shown that oxidative stress generated by hyperglycemia is
one of the major mediators of diabetic cardiomyopathy, and
that the activation of NF-xB is one possible mechanism for the
oxidative stress-induced vascular complications in diabetes.
Therefore, NF-xB may function as a causal event in the cardiac
hypertrophic response of diabetic cardiomyopathy. It is clear
that after entering the cellular nucleus, NF-xB could increase
the transcription of TNF-a and NF-xB itself is dominantly
regulated by the cytokine TNF-a®**. TNF-a is one of the rel-
evant mediators of cardiomyopathic disease and is considered
to be a parameter of hypertrophy that could be induced by
angiotension II, endothelin-1, phenylephrine, myotrophin and
so on. Increased expression of TNF-a could obviously have
been inhibited through over-expression of the degradation-
resistant mutant of IxkBa®"!, which supports the hypothesis
that NF-xB inhibition could attenuate or block the hypertro-
phic response of cultured cardiomyocytes. There have been
studies that show that the increased expression of TNF-a
could further lead to the expression of proto-oncogenes such
as c-fos, which cause increased cell size and protein content of
cardiomyocytes. This results in an accelerated rate of general
protein synthesis, as well as an increase in ventricular mass,
including the accumulation of collagen fibers, deposition of
collagen protein and fibrosis of the interstitial substance in the
interstitial tissue of the heart. Increased expression of c-fos
was viewed as an adaptive response for maintaining cardiac
output after stimulation with TNF-a or angiotensin 11, as in
isolated adult cardiac myocytes or heart failure, ischemic
injury and stress-induced hypertrophy models. Those patho-
logical changes ultimately result in remodeling of the cardiac
muscle, leading to the development of diabetic cardiomyopa-
thy. PKC may lead to diabetic cardiomyopathy via the PKC/
NF-«xB/TNF-a/ c-fos signal transduction pathway.
Breviscapine is isolated from the Asteraceae plant E bre-
viscapus and can be prepared as a Chinese patent medicine,
where the essential active ingredients are flavones®™*. It pos-
sesses an anti-platelet and anti-thrombus action and can lower
plasma fibrin content and promote fibrinolytic activity. Stud-
ies have found that breviscapine could inhibit the activity of
PKC, promote apoptosis of cardiomyocytes via regulation of
the expression of the apoptosis-inhibiting gene bcl-2!*"*!
have a protective effect against ischemia/reperfusion injury.

and

It has been used in cardiovascular disease with satisfactory
tolerance and safety. It has also been proved that breviscap-
ine can significantly inhibit increased PKC-f3 expression and

Acta Pharmacologica Sinica
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activity seen in diabetic nephropathy in the same manner
as LY-333531"2. Our research has found that breviscapine
inhibits PKC expression both in cardiomyocytes cultured in
high concentrations of glucose and in diabetic hearts, and
can reverse the hypertrophic changes and cardiac dysfunc-
tion found in diabetic cardiomyopathy. We also found that
cardiomyocytes cultured in high concentrations of glucose
and diabetic rats treated with breviscapine showed decreased
expression of NF-xB, TNF-a, and c-fos, which was consistent
with the change in PKC expression. In summary, breviscapine
may have a protective effect against diabetic cardiomyopathy
via the PKC-induced NF-«xB/TNF-a/c-fos signal transduction
pathway.

In conclusion, PKC is involved in the pathogenesis of dia-
betic cardiomyopathy, and the PKC/NF-xB/TNF-a/c-fos
signal transduction pathway plays an important role in regu-
lating cardiac hypertrophy. Treatment with breviscapine can
significantly reverse the cardiac structure disorganization and
ameliorate cardiac dysfunction in diabetic cardiomyopathy.
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