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Abstract

Aim: Todevelop anew mode of myocardial ischemiain Chinese miniatureswine
and reeval uate the cardioprotective effects of diltiazem. M ethods: Myocardial
ischemiawasinduced by injecting self-embolus into the left anterior descending
(LAD) coronary artery in qualified miniature swine. Diltiazem (5 mg-kg™.d™) was
orally adminigtered to the swine by mixing into normal pig diet from 1 to 6 d after
self-embol us injection. The coronary angiography, 30 point body surface el ectro-
cardiogram (BS-ECG), hemodynamics, biochemistry, quantitative histology and
pathohistology weredetermined 6 d after self-embolusinjection. Results: Embo-
lization occurred in the LAD coronary artery of the Chinese miniature swinein-
jected by self-embolus. There were significant myocardial ischemia and large
cardiac muscleinfarction in the Chinese miniature swine, which were accompa-
nied withincreased BS-ECG, decreased hemodynamic indexes of the cardiac output,
cardiacindex, left cardiac work and | eft cardiac work index, andincreased systemic
vascular resistanceindex. Pathohistological analysisrevealed myocardial degen-
eration, necrosis, fibrosis, inflammatory cell infiltration and granulation tissue
hyperblastosis (n=6). Diltiazem diminished the extent of theLAD embolism, ame-
liorated myocardial ischemia, improved the hemodynamic indexes, increased the
plasma superoxide dismutase activity, decreased the plasma mal ondial dehyde
content, narrowed the myocar dial ischemic areaand weakened the pathohi stological
damagein the cardiac muscle (n=6). Conclusion: Myocardial ischemiainduced by
injecting sdf-embolusinto the LAD coronary artery in Chinese miniature swineis
quite close to clinical pathophysiological conditions. Diltiazem is effective to
inhibit the myocardial ischemia and restorethe heart function in thisnovel modd.

mechanisms, by which diltiazem attenuates ischemic myo-
cardial damages, includesdilating coronary artery, improv-

Coronary artery obstruction resultsin ischemic heart dis-
ease and even myocardial infarction. Under uncontrolled
conditions, the attacked heart devel ops i schemic cardiomyo-
pathy, which describes patients with coronary artery disease,
enlarged hearts and clinical manifestations of congestive
heart failure™!. Although the underlying mechanisms of left
ventricular dysfunction are complex and poorly understood,
scientists have made efforts to explore new strategies to
block the mentioned dysfunction process. Diltiazem, one of
the first-generation classical calcium antagonists, has been
used widely to treat coronary artery diseases. The
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ing the cardiac output, and lowering myocardia oxygen con-
sumption'®d. However, it is not generally recommended as
firg-choicetherapeutic agentsin infracted heartson thebas's
of their detrimental effectsin patientswith heart failure, and
isbelieved to result from the exacerbation of their negative
inotropic properties*®. Weighing the advantages and dis-
advantages of diltiazem in myocardial ischemiaremains a
challengefor cardiologists. It isnecessary for the preclinical
researchers to reevaluate the cardioprotective effects of
diltiazem by anovel animal modd.

To date, there are various myocardial ischemic animal
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models, such as ligating the coronary artery'®, placing con-
strictors on the coronary arteryt™, putting microembol usinto
the coronary artery®®, or injecting ferric chlorideviathe vein
™ However, operationsin these methods|ead to much dam-
agein animals, and channelization can not berestored in the
obstructed coronary artery. More consider-ably, the mimic
pathophysiological aterations deviatefrom clinical data, es-
pecially autopsy. The ischemic model we used was devel -
oped in Chinese miniature swine, where myocardial ischemia
was performed by injecting self-embolusinto the middl e seg-
ment of the left anterior descending (LAD) coronary artery
without thoracotomy. To facilitate the surgical operation,
weintroduced the intervention techniqueand sel ective coro-
nary angiography into present study. With the help of this
model, we observed the heart functional parameters.
Furthermore, we predicted that diltiazem was effectivein in-
hibiting myocardial ischemiaand restoring heart functionin
this novel model.

Materials and methods

Drugs and reagents Diltiazem (No 0504008) was pur-
chased from Tianjin Tanabe Seiyaku Co, Ltd (Tianjin, China).
Nitrotetrazolium blue (NT-B) was supplied by Shanghai
Chemical Agents Company (Shanghai, China). Thrombin
was obtained from Sigma (St Louis, MO, USA).

Myocar dial ischemicmodel preparation Chinesesminia
ture swine (38.9+4.7 kg) of either sex, purchased from the
College of Animal Sciences, China Agriculture University
(Beijing, China), were individually housed in metal cages
and fed a standard pig diet. Beforethe surgery, theanimals
were anaesthetized with pentobarbital (30 mg/kg, iv).
Through the cervical incision, a 6F sheath wasinserted into
the right common carotid artery. And heparin (200 U/kg)
was injected to prevent the blood from coagulation. A 6F
guiding catheter (Cordis, Miami, FL, USA) waspositionedin
theleft coronary arterial ostium; aleft coronary angiography
was performed with C-arm, BV Pulsera (Philips, Veenpluis,
5684 PC Best, the Netherlands). After the left coronary
angiogram, a5F guiding catheter (Cordis, Miami, FL, USA),
directed by theexchangewire, wasintroduced into themiddle
segment of the LAD. Then the prepared strip-shaped clot
(induced by thrombin 100 U per 0.5 mL blood) was injected
into the LAD to block the blood flow. Another coronary
angiography was performed to confirm the compl ete occlu-
son of theLAD. After that, all the catheterswerewithdrawn,
and the wound was sutured in layers under the sterile
condition. The animalswere individually housed in metal
cages, with postoperative care (including antibiotics)
thereafter. Electrocardiogram was continuously monitored

during the procedure with an e ectrocardio-monitor (TEC-
7621C, Nihon Kohden, Nishiochiai Shinjuku-ku, Tokyo,
Japan).

Groupsand administration After thesurgery, 12 quali-
fied miniature swine were randomly divided into 2 groups
with 6 pigsin each group: model group, which was fed with
normal pig diet, and thediltiazem group, fed apig diet mixed
with diltiazem 5mg-kg™-d™. During theexperiment, aspecia
technician was appointed to observe the pigseating so asto
ensure the absorbed drug dose. After 6 successive days of
medi cation, the animal swere sacrificed.

Coronary angiography To determine the embolism of
LAD pre-operation, instantly after the operation and 6 d
after medication, a selective coronary angiography was
performed.

Body surfacee ectr ocar diogram (BS-ECG) The30point
electrode was placed on the chest surface in the cardiac
projective area and a physiological polygraph (MP-100,
Biopac, Santa Barbara, CA, USA) was connected to record
BS-ECG beforethe operation or 6 d after the operation while
the animals were anaesthetized. ST segment devated to
morethan 0.8 mV wasregarded as criterion to calcul ate the
degree of myocardial ischemia (total mV of ST segment
elevating, 2-ST) and myocardia ischemic scope (total point
number of ST segment elevating, N-ST).

Hemodynamics Beforemedi cation or 6d after medi cation,
a catheter was connected to the sheath, which was then
insertedintothe right common carotid artery to monitor blood
pressure [systolic blood pressure (SBP) and diastolic blood
pressure (DBP)] viaapressuretransducer (MPU-0.5A, Nihon
Khoden, Japan), and the mean blood pres-sure (MBP) was
cal culated with thefunction, MBP=DBP+(SBP-DBP)/3. The
other hemodynamic indexes of the cardiac output (CO), car-
diacindex (Cl), stroke volume (SV), stroke index (Sl), sys-
temicvascular ressance (SVR), systemic vascular resistance
index (SVRI), left cardiacwork (LCW), left cardiacwork index
(LCWI) and heart rate (HR) were acquired by needle elec-
trodes connected with BioZ Impedance Cardiograph
(CardioDynamics, San Diego, CA, USA) whilethe animals
were anaestheti zed.

Biochemigry After medication for 6 d, blood wastaken
from the sheath to segregate blood plasma; the activity of
superoxide dismutase (SOD) and content of malondialdehyde
(MDA) were determined with methods of thiobarbituric acid
and xanthine oxidase.

Myocardial ischemic area At the end of the protocol,
the animals sacrificed dueto over blood loss™. The heart
was taken out, washed with normal saline and weighed
immediately. Under the coronary occlusion spot, the ven-
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triclewas transversely divided into 5 pieces of equal thick-
ness. The pieces werethen infiltrated with N-BT staining
solution at 25 °C for 15 min. Boththeischemic area (N-BT
non-stained area) and non-ischemic area (N-BT stained areq)
were determined by a multimedia color pathological image
analytical sysem (MPIAS-500, Konghai company, Beijing,
China), and the infarction percentage of the entire heart or
ventricle was cal cul ated™.

Pathohistology The middle segment of the LAD and
cardiac muscle of thethird piece of ventricle around the LAD
were cut, and the pathohistological changes of coronary
embolus and the cardiac muscle were observed after 10%
formalin fixation, paraffin imbedding and microtome section.

Statistical analysis Measurement data were expressed
asmean+SD. Analysis of variance and thet-test were used
to determine significant differences between groups. P val-
ues less than 0.05 were considered to be significant.

Results

Cor onary embolism in myocar dial ischemic miniature
swine The LAD wasembolized after self-embolusinjection.
Treatment with diltiazem (5 mg-kg™-d™, oral administration,

1-6 d after sdf-embolusinjection) aleviated the LAD embo-
lism of myocardial ischemic miniature swine(Figure1).

Degree (2-ST) and scope (N-ST) of themyocardial is-
chemia Six days after self-embolusinjection, the 2-ST in-
creased obviously in the model group (P<0.01 vs pre-
operation). Diltiazem (5 mg/kg) significantly reduced the =-
ST by 44% in myocardia ischemic miniatureswine (P<0.01).
After feeding them anormal diet, there was no significant
difference among the scope of myocardial ischemia (N-ST)
inthemodels. Diltiazem (5 mg/kg) significantly decreased
the N-ST by 62% as compared with that of the model group
(P<0.01; Tablel).

Hemodynamicsin myocar dial ischemicminiatureswine
Before the operation, there was no significant difference of
hemodynamic indexes between the model and diltiazem
groups. When ischemialasted for 6 d, the CO, ClI, LCW, and
LCWI decreased in themodd group. However, the SVRI of
the model group increased significantly (P<0.05). The CO,
Cl, SV, SI, LCW, and LCWI of thediltiazem group weresig-
nificantly higher than those of themodel group; SVR, SVRI
and MBP of diltiazem group decreased obviously compared
with those of the model group (P<0.05). No obvious change

Figure 1. Changes of coronary embolism were disclosed by the coronary angiography. (A) The LAD of the model group was normal at pre-
operation; (B) The LAD of the model group was completely and instantly embolized, post-operation; (C) The LAD of the model group was
completely embolized 6 d after self-embolus injection; (D) The LAD of the diltiazem group was normal at pre-operation; (E) The LAD of the
diltiazem group was completely and instantly embolized, post-operation; (F) The LAD embolism was alleviated by oral administration of
diltiazem (5 mg-kg*-d*, 1-6 d after self-embolus injection). Arrows in B and E indicate the location of embolus.
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Table 1. Effects of diltiazem on the degree (2-ST) and scope (N-ST) of myocardial ischemia indicated by BS-ECG in miniature swine. n=6.
Mean+SD. °P<0.05, °P<0.01 vs model group. 'P<0.01 vs pre-operation.

Group 2-ST N-ST
Pre-operation/mV Post-medi cai on/mV Pre-operation Post-medi cation
Model 9.7+0.5 28.9+5.8f 0 15.4+4.4°
Diltiazem 5 mg/kg 9.6+1.8 16.2+4.6° 0 5.8£1.6°

Table 2. Effects of diltiazem on the hemodynamics in myocardial ischemic miniature swine. n=6. Mean+SD. °P<0.05, °P<0.01 vs model
group pre-operation. °P<0.05, 'P<0.01 vs model group post-medication.

Indexes Pre-operation Post-medication
Model Diltiazem 5 mg/kg Model Diltiazem 5 mg/kg
CO/L-min* 2.28+0.50 2.15+0.47 1.48+0.17° 2.12+0.41f
Cl/L-min*-m 1.99+0.36 1.89+0.27 1.28+0.09° 1.93+0.37"
Sv/imL 20.91+4.45 20.57+4.61 15.21+5.01 21.27+3.07°
SI/mL -beat™-m2 19.15+6.00 18.06+2.98 13.19+4.19° 19.40+3.36°
SVR/dyn-s-cm™® 4545+1680 3999+1070 5644+592 4063+975°
SVRI/dyn-sm?2.cm™® 5163+1862 4429+735 6590+420° 4474+1165'
LCW/kg-m 2.81+0.81 3.03+0.66 0.95+0.21° 2.99+0.58"
LCWI/kg-m-m2 2.53+0.88 2.66+0.38 1.71+0.15° 2.73+0.53
MBP/mmHg 107.5+15.5 105.3+19.0 93.1+6.8 81.3+9.3°
HR/beats-min™ 115.2+10.8 122.8+13.6 128.8+24.7 107.8+24.0

in HR was determined between the trestment and non-treat-
ment groups (Table 2).

Biochemistry Six days after self-embolus injection,
diltiazem (5 mg/kg) sgnificantly increased the SOD activity
and decreased MDA content in myocardial ischemic minia-
ture swine (P<0.05, Table 3).

Table 3. Effects of diltiazem on SOD activity and MDA content in
miniature swine. n=6. Mean+SD. °P<0.05 vs model group.

Group SOD MDA
(U/mL) (nmol/mL)
Model 35.83£13.55 2.45%0.90
Diltiazem 5 mg/kg 55.30+12.81° 1.22+0.38°

Myocar dial ischemic area Theischemic areawasindi-
cated by NT-B staining (Figure 2). Theischemic areaof the
diltiazem group, and the percentage of heart and ventricle,
were significantly lower than those of model group (P<0.05,
Table4, Figure?2).

Pathohistology Myocardial ischemic pathohistology

Table 4. Effects of diltiazem on the myocardial ischemic area in
miniature swine. n=6. Mean+SD. °P<0.05 vs model group.

Ischemic area  Ischemic area Ischemic area
Group (mm?) of heart (%) of ventricle
(%)
Model 154.2+45.0 4,77+£1.84 14.43+3.59
Diltiazem 5 mg/kg 80.9+40.4° 2.38+1.42° 7.81+3.76°

changes appeared in the miniature swine of themodel group,
but after 6 d medication, the myocardial ischemic changes
were lessened in the miniature swineof the diltiazem group.
Both groups showed large embolusin the LAD, but the em-
bolusin the diltiazem group was relatively less than that of
themodel group (Figure3).

Discussion

The miniature swine was used as research subject be-
cause of its anatomic similarity in coronary circulation to
human beings*?. In general, thoracotomy was performed
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Figure 2. Myocardial ischemic area indicated by NT-B staining.
Ischemic area (N-BT non-stained area) was relatively tintless, while
the non-ischemic area (N-BT stained area) was darkly stained. (A)
Cardiac muscle dlices of the model group appeared larger in the is-
chemic area; (B) Cardiac muscle slices of the diltiazem group ap-
peared more narrow in the ischemic area than that of the model

group.

before ischemic approaches, such asligating, constricting
and blocking. However, the intervention technique we in-
troduced in the present study, avoided thoracotomy and
disturbancetothe environment of thoracic cavity. In addition,
thismodd did not require balloon inflation or intracoronary
injection of chemical agents. Moreover, cardiovascular varia
tions could be chronically, continually and systematically
observed in this modd.

Self-embolus injection was widdly used in the study of
the pulmonary embolism model™ and the cerebral infarc-
tion model™. For thefirst time, we injected embolus made
from its own blood into the LAD to establish a myocardial
ischemic model in aChineseminiature swine. Auto-implanted
embolus, homol ogous with experimental animals, rendered
little rejection and inflammation. Application of this model
facilitated researchers to observe the pharmacologica ac-
tion and mechanisms, both anti-ischemic drugs and throm-
bolytic drugs. In our present investigation, the LAD was
embolized after salf-embolusinjection; 6 d after medication,
the LAD embolism of the modd group was a so serious, with
the ST segment raised, and the hemodynamic indexes, CO,
Cl, LCW, and LCWI degraded. The cardiac muscle slices
showed alarge area of infarction or ischemia; the cardiac
muscle appeared to show a larger area of degeneration,
necrosis, fibroplasias, inflammatory cell infiltrateand granu-
lation tissue hyperblastosis. The results of the present study
indicate that we have established the myocardial ischemic
model in miniature swine successfully.

Figure 3. Changes of cardiac muscle
and the LAD pathohistology in minia-
ture swine. (A) The cardiac muscle of
the model group appeared to show more
degeneration, necrosis, fibroplasias, in-
flammatory cell infiltrate and granula-
tion tissue hyperblastosis. HE stain, x40;
(B) The cardiac muscle of the diltiazem
group also appeared to show pathologi-
cal damage, but the area and degree of
the damage was less. HE stain, x40; (C)
The LAD embolus of the model group.
HE stain, x40; (D) The LAD embolus of
the diltiazem group. HE stain, x40.
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Diltiazem is a calcium channel blocker, effectivein the
treatment of angina pectoris, and a first-line treatment for
hypertension. Sinceischemiain anginais essentially pre-
ceded by an increasein HR, calcium channel blockerswith
negative chronotropic properties may be able to perform
better for this purpose than nonchronotropic compounds™.
Diltiazemisuseful in improving left ventricular systolic func-
tion following acute myocardial infarction in patients™.

From this novel animal model, we reevaluated the
cardioprotective effects of diltiazem. Theresultsindicated
that diltiazem remarkably attenuated the LAD embolism, de-
gree (2-ST) and scope (N-ST) of myocardia ischemiain min-
iatureswine. Additionally, theischemic areaof thediltiazem
group, and the percentage of heart and ventricle, were sig-
nificantly lower than those of the model group, which isdue
to coronary dilation™. SOD activity significantly increased
and the MDA content of diltiazem group decreased obvi-
ously compared with those of the model group. Diltiazem
improved the hemodynamics of ischemic miniature swine,
theCO, Cl, SV, SI, LCW, and LCWI significantly increased,
and the SVR, SVRI and MBP decreased obvioudly. At the
sametime, the cardiac muscle al so appeared to have patho-
logical damage, but the area and the degree of damage were
lessened. Thus, the drug was effectivein inhibiting myocar-
dial ischemiaand restoring heart function in thisnovel model.

In conclusion, the closed-chest myocardial ischemic
model in Chinese miniature swine may be prepared by self-
embolusinjection with cardiac catheter via LAD, effects of
diltiazem on improving cardiac function, lowering-lipid
peroxidation; decreasing myocardial ischemic area can be
reevaluated by the model. There are extensive applications
on the study of coronary heart disease and new drug exploi-
tation by using the novel myocardial ischemic model in the
future.
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