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Abstract
The main goal of this study was to investigate the cardioprotective properties in terms of effects on cardiodynamics of
per�uorocarbon emulsion in ex vivo-induced ischemic-reperfusion injury of an isolated rat heart. The �rst part of the study
aims to determine the dose of 10% per�uoroemulsion (PFT) that will show the best cardioprotective effect in rats on ex vivo-
induced ischemic / reperfusion injury of an isolated rat heart. Depending on whether the animals received saline or PFT, the
animals were divided into a control or experimental group, and depending on the application of a dose (8, 12, 16 ml / kg
body weight) of saline or PFT.  At a dose of 8 ml / kg, the results indicate statistically signi�cantly lower values   of the
maximum pressure growth rate in the group treated with 10% PFT compared to the control group treated with saline at R5
and R25 points. At a dose of 12 ml / kg, the maximum left ventricular pressure growth rate differed statistically signi�cantly
in the PFT group, ie there was an increase in this parameter at points R25 and R30, and the minimum left ventricular
pressure growth rate in R15-R30 compared to saline-treated group. At a dose of 16 ml / kg, PFT also had a statistically
signi�cant effect on the change in cardiodynamic parameters in an isolated rat heart organ. Based on all the above, we can
conclude that Peftoran administered immediately before ischemia (1 hour) has less positive effects on myocardial function
in a model of an isolated rat heart compared to earlier administration (10 and 20 hours). Also, the effects of 10% peftoran
solution are more pronounced if there is a longer period of time from application to ischemia, ie immediate application of
peftoran before ischemia (1 hour) gave the weakest effects on the change of cardiodynamics of isolated rat heart.

1. Introduction
Ischemia denotes a condition of insu�cient blood �ow with regard to tissue needs, where, in addition to insu�cient oxygen
supply to the tissue, incomplete removal of metabolites also occurs [1, 2]. Reperfusion is the re-establishment of blood �ow
after ischemia, and the term ischemic-reperfusion injury means the in�uence of harmful factors as part of the
pathophysiological mechanisms of ischemia and reperfusion. Myocardial ischemia usually occurs due to occlusion of
blood vessels. In addition to heart damage that occurs at the time of ischemia, after the re-establishment of blood �ow, a
number of stressors are produced, which is why myocardial injuries are called ischemic / reperfusion (I /R). Ischemia is a
common clinical symptom in CVD, and due to low pH values, reduced oxygen levels and disturbances in K and Ca
concentrations, cardiac dysfunction, arrhythmias, myocardial infarction and sudden death can occur [3-5]. On the other
hand, damage and reduced myocardial function caused by ischemia can be repaired during reperfusion. However, most
often as a result of the activation of a complex in�ammatory response in the reperfusion period, irreversible damage occurs,
which is called reperfusion injury [6, 7]. Factors that contribute to I / R injuries are very complex and, in addition to those
already mentioned, include microvascular dysfunction, the release of reactive oxygen species (ROS), and the activation of
mitochondrial apoptosis and necrosis [8, 9].

At the heart of reperfusion injury is endothelial dysfunction. Endothelial dysfunction can be described as an imbalance
between the vasodilator and vasoconstrictor products of the endothelium, which is considered to be the core of the
systemic pathological process of atherosclerosis and cardiovascular diseases. The endothelium consists of a single layer
of endothelial cells that line the inner surface of the vascular lumen, between the blood and vascular smooth muscle cells,
but it also forms capillaries and lymph vessels. The endothelium has many vital functions, including the regulation of
vascular tone and in�ammatory balance [10-12]. Vascular dilatation in response to stress depends in part on a relaxation
factor derived from the endothelium, nitric oxide (NO). NO is actually synthesized from arginine by the endothelial isoform
of NO-synthase (eNOS), in response to an appropriate stimulus. Endothelial NO is dispersed in vascular smooth muscle
cells where cytosolic guanylate cyclase is activated and increases the production of cyclic guanosyl monophosphate, which
leads to the relaxation of smooth muscle cells. Loss of endothelium-mediated vasodilator capacity is considered one of the
earliest manifestations of cardiovascular damage and precedes the formation of atherosclerotic plaques [13-15].

On the other hand, the main properties of per�uorocarbons, such as the ability to dissolve large amounts of gases and
chemical inertness, have enabled the use of per�uoro-organic compounds in biology as gas-carrying and oxygen-carrying
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media. In one study, scientists immersed mice in oxygen per�uoro-butyl-tetrahydrofuran (PFBTHF) and they remained alive
for some time in a liquid, inhaling oxygen dissolved in a per�uorocarbon medium [16-20]. The same authors attempted to
use organo-�uorine compounds as a perfusion medium to supply isolated organs with oxygen. Isolated rat hearts were
found to continue to contract intensely when immersed in an oxygen-saturated compound. However, the delivery of
electrolytes, glucose, etc. (which are insoluble in per�uoro compounds, such as water) required perfusion with a
per�uorocarbon compound to be replaced by perfusion diluted with oxidized blood.

The main goal of this study was to investigate the cardioprotective properties in terms of effects on cardiodynamics of
per�uorocarbon emulsion in ex vivo-induced ischemic-reperfusion injury of an isolated rat heart.

2. Material And Methods
2.1 Ethical approval

All of the experimental procedures and were carried out in accordance and with the permission of the Institutional ethical
committee for the welfare of laboratory animals. Study was approved by the Ethical Committee for the welfare of
experimental animals of the Faculty of Medical Sciences, University of Kragujevac, Serbia.

2.2 Experimental protocol

Wistar albino rats were used for this study. Rats were housed in a temperature-controlled vivarium (22 ± 2 ° C), and light and
dark cycles alternated at 12 hours. All animals were male, 10 weeks old and average weight 200 ± 20 g. Standard food and
water were available to the animals ad libitum. The �rst part of the study aims to determine the dose of 10%
per�uoroemulsion (PFT) that will show the best cardioprotective effect in rats on ex vivo-induced ischemic / reperfusion
injury of an isolated rat heart. Depending on whether the animals received saline or PFT, the animals were divided into a
control or experimental group, and depending on the application of a dose (8, 12, 16 ml / kg body weight) of saline or PFT,
each of the groups was divided into three additional groups:

Control groups:

1. Control (I / R) group - without prior application of solution (n = 6)

2. Control (I / R) group + 0.9% saline at a dose of 8 ml / kg - 1 hour before ischemia (n = 6)

3. Control (I / R) group + 0.9% saline at a dose of 12 ml / kg - 1 hour before ischemia (n = 6)

4. Control (I / R) group + 0.9% saline at a dose of 16 ml / kg - 1 hour before ischemia (n = 6)

Experimental groups

1. Group PFT 8 ml / kg - 1 hour before ischemia (n = 6)

2. Group PFT 12 ml / kg - 1 hour before ischemia (n = 6)

3. Group PFT 16 ml / kg - 1 hour before ischemia (n = 6)

With the exception of the �rst control group, the remaining control groups, as well as all experimental groups of animals 1
hour before sacri�ce and ex vivo induction of ischemic / reperfusion injury of an isolated heart, intraperitoneally treated with
a single dose of saline or PFT (8, 12, 16 ml / kg body weight). 

Per�uorocarbon based blood substitute-Perftoran
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For the purposes of the study, 10% Perftoran was used, which was prepared ex tempore by dissolving equal volumes of 20%
Perftoran plus for intravenous administration and standard 0.9% saline. 

2.3 Ex vivo Ischemia/Reperfusion Protocol

After short-term anesthesia induced by intraperitoneal administration of a combination of ketamine and xylazine, the
animals will sacri�ce and from them were isolated hearts. 

After placing the sensor in the left ventricle of the heart, a period of stabilization of the heartbeat followed, lasting about
half an hour. Establishing stable (correct) heart rate meant that coronary �ow after several series of measurements as well
as all parameters of cardiac function did not change signi�cantly. The end of the stabilization period marks the beginning
of the study of the function of the isolated heart, as well as the examination of the effects of subacute intraperitoneally
administered perftoran. After a period of stabilization, the �ow of Krebs-Henseleit solution was stopped for 30 minutes, thus
subjecting the myocardium to global ischemia. After that, the �ow was re-established and all parameters were monitored
during a thirty-minute reperfusion (at 1, 5, 10, 15, 20, 25 and 30 minutes). At points marked S (end of stabilization period),
as well as at R1, R3, R5, R10, R15, R20, R25 and R30 (minutes of reperfusion), cardiodynamic parameters were recorded and
coronary venous e�uent was collected for coronary �ow analysis and marker measurement. The next parameters were
observed: dp / dt max - maximum rate of pressure development in the left ventricle, expressed in mmHg / s, dp / dt min -
minimum rate of pressure development in the left ventricle, expressed in mmHg / s, SLVP - systolic pressure in the left
ventricle, expressed in mmHg, DLVP - left ventricular diastolic pressure, expressed in mmHg, and HR - heart rate, expressed
as heart rate per minute). The parameters of the left ventricular function are monitored and recorded using a computer,
which is made possible by the connection between the sensor and the software unit. In addition to the mentioned
parameters, blood �ow through coronary blood vessels (CF) was monitored. CF is measured by collecting drops of
perfusion solution coming out of coronary blood vessels and heart, by �uorometric method, and is expressed in ml / min.

2.4 Statistical analysis

All data are presented as mean plus standard deviations in form of tables. Results are analyzed by descriptive analyses in
statistical software IBM SPSS version 26.0.

3. Results
3.1 The effects of a different regimen of 10% PFT at the same dose on cardiodynamics 

In the �rst part of the study, we monitored the effect of a different regimen of 10% peftoran at the same dose on an animal
model in relation to the onset of ischemia. Peftoran was administered once 1 hour, 10 hours or 20 hours before the onset of
ischemia at the same dose, after which the effects on cardiodynamics were monitored. Applied 1 hour before ischemia,
peftoran solution at a dose of 8 ml / kg had a statistically signi�cant effect on individual points in reperfusion in terms of
minimal rate of pressure rise, as well as on all points of systolic pressure and coronary �ow in terms of reducing these
parameters of myocardial function. Applied 1 hour before ischemia, a solution of peftoran at a dose of 12 ml / kg
statistically reduced the maximum and minimum rate of pressure increase at the reperfusion endpoints relative to the
untreated group, while systolic and diastolic pressure and coronary �ow were signi�cantly reduced at all points of
reperfusion when peftoran was administered 1 hour before ischemia at a dose of 12 ml / kg. Applied 1 hour before
ischemia, peftoran solution at a dose of 16 ml / kg affected the beginning and end of repefusion in terms of maximum
growth rate, systolic and diastolic pressure in the �rst part of repefusion, while heart rate and coronary �ow were
per�uorinated at the mentioned dose. signi�cantly reduced the values of these parameters at all points of interest during
reperfusion (Таbles 1 and 2).

Applied 10 hours before ischemia, peftoran solution at a dose of 16 ml / kg signi�cantly affected all points of reperfusion in
terms of increased contractility, increased systolic pressure at the beginning of reperfusion and a drastic reduction in
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coronary �ow.

Finally, peftoran administered 20 hours before ischemia at a dose of 16 ml / kg had a statistically signi�cant effect by
increasing the contractility of the isolated rat heart during reperfusion, as well as systolic and diastolic pressure in the left
ventricle, and reducing coronary �ow. There was no effect on heart rate (Таbles 1 and 2).

De�nitely, the effects of 10% peftoran solution are more pronounced if there is a longer period of time from application to
ischemia, ie immediate application of peftoran before ischemia (1 hour) gave the weakest effects on the change of
cardiodynamics of isolated rat heart.

3.2 The effects of a different doses of 10% PFT on cardiodynamics 

In the second part of the study, we examined the effect of 10% peftoran on the cardiodynamic parameters of an isolated rat
heart using different doses (8, 12 and 16 ml / kg) observed by comparing all experimental groups.

At a dose of 8 ml / kg, the results indicate statistically signi�cantly lower values of the maximum pressure growth rate in the
group treated with 10% PFT compared to the control group treated with saline at R5 and R25 points. On the other hand,
other parameters such as the minimum rate of pressure rise and heart rate were not signi�cantly changed. Systolic and
diastolic pressure in the left ventricle were statistically signi�cantly elevated at all points of reperfusion (R1-R30) in the PFT
group compared to the control group treated with saline. Interestingly, coronary �ow was statistically signi�cantly reduced
at all points of reperfusion (R1-R30) in the PFT group compared to the untreated control group (I / R group) (Таbles 1 and
2).

At a dose of 12 ml / kg, the maximum left ventricular pressure growth rate differed statistically signi�cantly in the PFT
group, ie there was an increase in this parameter at points R25 and R30, and the minimum left ventricular pressure growth
rate in R15-R30 compared to saline-treated group. Then, systolic and diastolic pressure in the left ventricle differed
statistically signi�cantly in the PFT group, ie there was an increase in this parameter at points R1-R30 in relation to the
group treated with saline and a decrease in relation to the I / R group. Heart rate differed statistically signi�cantly in the PFT
group, ie there was an increase in this parameter at points R5-R10 compared to the group treated with saline, as well as
coronary �ow that was statistically signi�cantly different in the PFT group, ie there was to a decrease in this parameter at
points R1-R30 relative to the saline-treated group (Таbles 1 and 2).

At a dose of 16 ml / kg, PFT also had a statistically signi�cant effect on the change in cardiodynamic parameters in an
isolated rat heart organ. The maximum, minimum left ventricular pressure growth rate as well as systolic and diastolic
pressure differed statistically signi�cantly in all groups compared to the PFT 1 hour back group at points R15 – R30. Left
ventricular heart rate was statistically signi�cantly different at points R5 and R10 at PFT 10h back compared to the I / R
group and coronary �ow was statistically signi�cantly different at points R5 to R30 at PFT 20h back compared to all other
groups with the same dose. Thus, the dose difference in terms of the effect re�ected and in the difference in the applied
volume was most impressive by comparing the lowest and highest doses of perftoran, ie 8 and 16 ml / kg (Таbles 1 and 2).

Table 1. The mean values of all parameters of cardiodynamics for all tested groups of animals, Results are presented as
mean and standard deviations.
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Group

 

Dp/dtmax Dp/dtmin SLVP DLVP HR CF

Control
group (I/R
group)

 

 

 

 

 

 

 

S 1361.5 2.1 -991.5 2.1 36.0 1.4 2.4 0.2 304.0 1.4 28.5 0.7

R1 2033.0 1.4 -842.5 0.7 66.0 2.8 3.5 0.1 251.5 0.7 28.3 0.1

R5 1677.5 2.1 -1295.0 2.8 62.0 2.8 5.8 0.2 314.5 6.4 29.4 0.3

R10 1984.5 6.4 -1454.0 1.4 63.5 0.7 4.5 0.6 304.5 6.4 27.4 0.3

R15 2056.5 3.5 -1476.5 3.5 56.5 2.1 4.2 0.1 298.0 1.4 27.1 0.1

R20 2066.0 4.2 -1512.0 2.8 54.5 0.7 3.5 0.5 296.5 3.5 24.4 0.3

R25 2167.5 2.1 -1547.0 2.8 53.0 2.8 3.4 0.4 296.5 3.5 22.5 0.4

R30 2118.5 0.7 -1363.0 2.8 46.5 2.1 2.4 0.5 285.5 4.9 22.3 0.1

0.9% NaCl
1h before
(8ml /kg)

 

 

 

 

 

 

 

S 2075.0 5.7 -1414.5 6.4 46.0 4.2 3.9 0.1 316.5 3.5 11.4 0.3

R1 2258.0 1.4 -816.5 3.5 47.5 2.1 2.5 0.6 168.5 0.7 10.2 0.3

R5 2076.0 4.2 -1128.0 1.4 41.7 0.1 3.9 0.1 346.5 0.7 11.4 0.3

R10 1908.0 1.4 -1258.0 1.4 41.5 2.1 3.6 0.5 284.5 6.4 11.3 0.1

R15 1886.0 4.2 -1326.5 3.5 38.5 0.7 3.5 0.6 276.0 4.2 10.2 0.3

R20 2954.5 6.4 -1917.5 2.1 47.5 2.1 1.6 0.4 285.0 5.7 10.1 0.1

R25 1858.0 1.4 -1206.5 3.5 35.0 1.4 2.5 0.4 254.5 6.4 11.1 0.1

R30 2014.5 6.4 -1207.5 2.1 35.0 1.4 2.5 0.4 264.5 6.4 10.1 0.1

0.9% NaCl
1h before
(12ml /kg)

 

 

 

 

 

 

 

S 1718.5 0.7 -966.5 3.5 35.4 0.6 3.5 0.1 277.0 2.8 11.3 0.1

R1 1765.0 5.7 -746.5 3.5 35.3 1.1 1.8 0.2 258.0 1.4 10.1 0.1

R5 1888.5 0.7 -1306.0 4.2 43.0 1.4 3.3 0.1 225.5 4.9 11.7 0.1

R10 2088.5 0.7 -1365.0 5.7 42.5 0.7 2.7 0.3 255.0 5.7 10.9 0.1

R15 1966.0 4.2 -1156.0 4.2 33.5 2.1 2.4 0.2 268.5 0.7 11.4 0.3

R20 1854.5 6.4 -1304.5 6.4 33.0 1.4 2.4 0.0 308.0 1.4 10.4 0.1

R25 1547.0 2.8 -1215.5 4.9 31.0 1.4 1.8 0.1 298.0 1.4 10.9 0.1

R30 1456.0 4.2 -1215.0 5.7 29.0 0.0 1.7 0.2 308.5 0.7 11.3 0.1

0.9% NaCl
1h before
(16ml /kg)

 

 

 

 

S 1670.5 0.7 -1410.5 0.7 43.3 0.2 2.7 0.0 248.5 0.7 15.3 0.1

R1 1704.0 4.2 -783.5 3.5 44.4 0.5 2.6 0.1 162.9 3.0 15.3 0.1

R5 1684.0 4.2 -1054.5 4.9 45.1 0.0 2.6 0.0 253.8 4.6 14.6 0.3

R10 1834.0 4.2 -1382.0 1.4 48.2 0.1 3.3 0.1 253.6 3.5 14.6 0.3

R15 1861.5 0.7 -1423.5 3.5 47.5 0.7 3.2 0.1 238.5 0.7 14.1 0.1

R20 1941.5 0.7 -1494.5 4.9 47.1 1.5 3.4 0.1 236.0 2.8 14.1 0.1
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R25 1872.5 2.1 -1420.5 0.7 48.4 0.9 2.5 0.3 244.0 2.8 13.9 0.1

R30 1972.5 2.1 -1538.5 0.7 45.5 0.7 2.9 0.1 233.0 1.4 13.7 0.1

0.9% NaCl
10 hours
before
(16ml /kg)

 

 

 

 

 

 

 

S 1778.0 1.4 -1113.5 2.1 45.5 2.1 3.3 0.1 237.5 2.1 11.5 0.1

R1 2658.5 0.7 -1087.0 2.8 82.5 2.1 4.5 0.2 245.0 5.7 11.4 0.3

R5 2466.5 3.5 -1074.5 0.7 74.5 0.7 4.2 0.2 275.0 5.7 11.6 0.3

R10 2456.5 3.5 -1572.5 3.5 64.5 0.7 3.8 0.0 282.5 2.1 12.5 0.1

R15 2585.0 5.7 -1633.0 2.8 56.5 3.5 3.4 0.2 282.0 1.4 12.1 0.1

R20 2485.0 5.7 -1537.0 2.8 55.0 1.4 2.9 0.1 282.0 1.4 12.1 0.1

R25 2576.5 3.5 -1506.5 2.1 54.5 0.7 2.6 0.5 260.5 0.7 12.5 0.1

R30 2365.5 4.9 -1306.5 2.1 46.0 4.2 2.6 0.5 270.5 0.7 12.5 0.1

0.9% NaCl
20 hours
before
(16ml /kg)

 

 

 

 

 

 

 

S 2338.0 1.4 -1576.0 1.4 64.0 2.8 5.5 0.7 285.0 5.7 8.5 0.1

R1 2358.5 0.7 -1203.0 2.8 66.5 0.7 7.6 0.2 285.0 5.7 9.5 0.4

R5 2306.0 4.2 -1564.0 1.4 76.5 0.7 7.5 0.5 283.0 2.8 10.6 0.3

R10 2728.0 1.4 -1907.0 2.8 76.4 2.0 8.5 0.6 295.0 5.7 10.1 0.1

R15 2058.5 0.7 -1814.0 1.4 73.0 2.8 7.9 0.1 294.5 3.5 9.7 0.1

R20 2495.5 4.9 -1653.5 2.1 70.6 0.1 6.5 0.5 265.5 3.5 9.5 0.1

R25 2398.5 0.7 -1544.5 0.7 66.7 0.4 6.5 0.5 265.0 4.2 8.4 0.3

R30 2397.0 2.8 -1603.0 2.8 62.5 0.4 6.4 0.4 266.0 2.8 8.1 0.1

PFT 1
hour
before
(8ml /kg)

 

 

 

 

 

 

 

S 1408.0 73.5 -1000.5 31.8 36.0 1.4 2.5 0.1 299.5 6.4 10.6 0.8

R1 2127.5 135.1 -833.5 16.3 66.0 2.8 3.6 0.2 258.0 5.7 10.0 0.0

R5 1739.0 70.7 -1306.0 55.2 62.0 2.8 5.5 0.5 305.0 7.1 10.4 0.8

R10 2060.5 57.3 -1511.5 78.5 63.5 0.7 4.5 0.2 308.5 2.1 10.0 0.0

R15 2078.0 62.2 -1676.5 154.9 56.5 2.1 4.4 0.1 291.0 5.7 12.0 0.0

R20 2171.5 71.4 -1533.0 108.9 54.5 0.7 3.7 0.2 292.5 12.0 12.0 0.0

R25 2272.5 71.4 -1603.5 101.1 53.0 2.8 3.6 0.1 296.0 17.0 10.0 2.8

R30 2289.5 78.5 -1310.5 92.6 45.1 0.1 2.4 0.3 287.5 17.7 10.5 2.1

PFT 1
hour
before
(12ml /kg)

 

S 1536.7 452.6 -1220.0 428.3 43.1 12.7 4.4 2.0 296.0 15.6 10.9 1.0

R1 2237.7 861.6 -1102.3 404.4 61.6 21.7 6.1 2.0 282.8 27.0 9.9 0.8

R5 1589.0 479.0 -1034.0 234.9 44.7 7.3 5.5 3.4 295.5 15.6 11.5 1.2
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R10 1874.3 493.2 -1446.0 486.3 47.6 15.3 4.2 3.2 287.0 25.2 11.3 0.9

R15 1936.7 355.3 -1436.0 399.4 44.5 15.8 3.5 2.6 293.0 8.7 11.3 0.8

R20 2037.3 392.2 -1432.7 281.7 44.0 13.7 3.8 2.8 296.7 7.8 11.3 0.6

R25 2080.3 435.9 -1478.0 407.9 45.8 13.9 3.8 2.9 296.7 11.6 11.3 0.9

R30 2161.3 318.1 -1437.3 290.7 44.6 13.3 3.5 2.8 295.0 7.9 12.0 1.2

PFT  1
hour
before
 (16ml /kg)

 

 

 

 

 

 

 

S 1883.6 611.9 -1279.7 346.9 55.0 22.1 2.9 0.5 302.7 28.5 15.5 7.4

R1 2061.7 757.0 -1039.0 350.2 61.0 25.1 5.8 1.0 274.0 118.9 14.0 6.9

R5 2042.7 431.9 -1380.3 313.6 61.0 19.3 5.1 0.7 297.3 67.1 15.2 7.3

R10 2342.0 538.7 -1697.7 393.8 64.3 19.1 4.3 0.9 281.7 50.5 14.8 7.6

R15 2614.0 791.7 -1839.7 508.5 63.8 19.8 4.0 0.7 281.7 35.6 14.9 6.1

R20 2704.3 839.6 -1588.3 511.2 59.8 17.6 3.9 0.8 285.3 27.2 15.0 5.9

R25 2739.3 811.8 -1784.7 477.8 57.8 16.4 3.6 0.7 285.7 23.5 14.9 5.5

R30 2909.0 890.8 -1691.3 456.6 55.4 14.2 3.4 0.8 283.0 18.5 15.1 5.3

PFT 10
hours
before
(16ml /kg)

 

 
 

 

 

 

 

S 1040.7 447.8 -701.0 317.8 31.7 15.1 3.9 0.7 263.7 35.4 13.2 2.3

R1 1834.7 717.9 -1022.0 394.9 60.1 30.1 5.1 2.9 243.3 36.2 13.7 0.8

R5 1652.3 440.3 -1278.0 551.9 56.1 23.6 4.2 2.2 237.7 37.2 11.4 1.6

R10 1410.7 357.0 -988.7 321.6 44.3 12.5 2.9 0.0 237.0 40.4 10.5 3.6

R15 1554.3 486.5 -991.7 395.5 40.2 11.3 2.3 0.8 255.0 31.0 10.7 3.9

R20 1605.3 328.4 -1022.7 262.6 39.3 6.8 1.5 1.1 247.0 33.6 10.5 4.1

R25 1743.0 312.2 -1107.0 227.7 39.2 7.5 2.1 0.6 258.3 40.4 10.1 3.8

R30 1802.7 269.5 -1530.7 1082.7 57.3 35.5 2.0 0.7 257.3 29.4 10.1 3.8

PFT 20
hours
before
(16ml /kg)

 

 

 

 

 

 

 

S 1657.7 255.7 -1201.0 252.3 43.2 3.0 3.0 0.3 261.3 27.5 10.9 2.7

R1 1427.7 487.4 -676.3 252.7 37.9 13.2 3.3 1.2 237.7 24.7 9.9 2.4

R5 1484.0 401.0 -941.3 398.4 37.6 16.0 2.9 0.9 264.0 8.9 11.7 3.1

R10 1546.7 474.9 -1026.3 364.1 43.5 17.3 1.8 0.4 269.7 6.8 11.9 3.4

R15 1561.3 448.1 -1031.3 445.4 34.2 11.8 2.0 0.6 273.0 9.6 11.5 3.3

R20 1542.3 452.1 -1041.7 363.2 32.4 9.6 1.9 0.8 272.0 14.8 11.4 3.2

R25 1634.0 552.0 -954.0 243.8 30.2 8.7 1.4 1.5 272.0 22.6 11.4 3.2

R30 1769.7 331.3 -941.7 226.0 36.6 8.7 1.6 1.6 279.7 18.2 11.5 3.1
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Table 2. Differences between selected point of reperfusion period (R1-R30) and stabilization (S) for all parameters and
groups separately. Differences are presented as percent (%) of reducing or increasing at one point.
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Groups Dp/dtmax Dp/dtmin SLVP DLVP HR CF

Control group (I/R group)

 

Р1 49.3 -15.0 83.3 48.5 -17.3 -0.7

Р5 23.2 30.6 72.2 144.3 3.5 3.2

Р10 45.8 46.6 76.4 89.9 0.2 -3.9

Р15 51.0 48.9 56.9 77.2 -2.0 -4.9

Р20 51.7 52.5 51.4 45.6 -2.5 -14.4

Р25 59.2 56.0 47.2 41.4 -2.5 -21.1

Р30 55.6 37.5 29.2 2.3 -6.1 -21.8

0.9% NaCl 1h before (8ml /kg) Р1 8.8 -42.3 3.3 -35.1 -46.8 -10.5

Р5 0.0 -20.3 -9.4 0.0 9.5 0.0

Р10 -8.0 -11.1 -9.8 -7.0 -10.1 -0.9

Р15 -9.1 -6.2 -16.3 -9.9 -12.8 -10.5

Р20 42.4 35.6 3.3 -59.7 -10.0 -11.4

Р25 -10.5 -14.7 -23.9 -35.5 -19.6 -2.6

Р30 -2.9 -14.6 -23.9 -34.4 -16.4 -11.4

0.9% NaCl 1 h before (12ml /kg) Р1 2.7 -22.8 -0.4 -50.0 -6.9 -10.6

Р5 9.9 35.1 21.5 -5.7 -18.6 3.5

Р10 21.5 41.2 20.1 -21.7 -7.9 -4.0

Р15 14.4 19.6 -5.4 -30.7 -3.1 0.9

Р20 7.9 35.0 -6.8 -32.4 11.2 -8.4

Р25 -10.0 25.8 -12.4 -48.0 7.6 -4.0

Р30 -5.9 0.0 -6.5 -9.1 3.5 4.1

0.9% NaCl 1h before (16ml /kg) Р1 2.0 -44.5 2.8 -2.1 -34.4 0.0

Р5 0.8 -25.2 4.4 -3.2 2.1 -4.6

Р10 9.8 -2.0 11.4 21.5 2.0 -4.6

Р15 11.4 0.9 9.8 21.1 -4.0 -7.8

Р20 16.2 6.0 8.9 25.2 -5.0 -7.8

Р25 12.1 0.7 11.8 -6.5 -1.8 -9.2

Р30 18.1 9.1 5.2 6.5 -6.2 -10.5

0.9% NaCl 10 h before (16ml /kg) Р1 49.5 -2.4 81.3 34.8 3.2 -0.9

Р5 38.7 -3.5 63.7 27.0 15.8 0.9

Р10 38.2 41.2 41.8 14.8 18.9 8.7

Р15 45.4 46.7 24.2 4.2 18.7 5.2

Р20 39.8 38.0 20.9 -13.3 18.7 5.2
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Р25 44.9 35.3 19.8 -22.6 9.7 8.7

Р30 -8.2 -13.3 -15.6 0.2 3.8 0.0

0.9% NaCl 20h before (16ml /kg) Р1 0.9 -23.7 3.9 37.3 0.0 11.8

Р5 -1.4 -0.8 19.5 37.1 -0.7 24.7

Р10 16.7 21.0 19.4 54.5 3.5 18.8

Р15 -12.0 15.1 14.1 42.7 3.3 14.1

Р20 6.7 4.9 10.3 17.3 -6.8 11.8

Р25 2.6 -2.0 4.1 17.3 -7.0 -1.2

Р30 2.5 1.7 -2.3 16.6 -6.7 -4.7

PFT 1h before (8ml /kg) Р1 51.1 -16.7 83.3 46.1 -13.9 -5.7

Р5 23.5 30.5 72.2 122.4 1.8 -1.9

Р10 46.3 51.1 76.4 81.6 3.0 -5.7

Р15 47.6 67.6 56.9 79.6 -2.8 13.2

Р20 54.2 53.2 51.4 49.0 -2.3 13.2

Р25 61.4 60.3 47.2 44.9 -1.2 -5.7

Р30 62.6 31.0 25.1 -2.0 -4.0 -0.9

PFТ 1h before (12ml /kg) Р1 45.6 -9.6 42.9 36.8 -4.4 -9.2

Р5 3.4 -15.2 3.7 23.2 -0.2 6.1

Р10 22.0 18.5 10.3 -5.7 -3.0 3.7

Р15 26.0 17.7 3.1 -20.7 -1.0 4.3

Р20 32.6 17.4 2.0 -15.0 0.2 3.7

Р25 35.4 21.1 6.1 -13.5 0.2 3.7

Р30 40.7 17.8 3.3 -20.3 -0.3 10.4

PFТ 1h before (16ml /kg) Р1 9.5 -18.8 10.9 101.2 -9.5 -9.5

Р5 8.4 7.9 10.9 77.9 -1.8 -1.7

Р10 24.3 32.7 17.0 51.2 -6.9 -4.3

Р15 38.8 43.8 16.1 40.7 -6.9 -3.4

Р20 43.6 24.1 8.8 37.4 -5.7 -3.0

Р25 45.4 39.5 5.1 24.5 -5.6 -3.9

Р30 54.4 32.2 0.8 18.7 -6.5 -2.2

PFТ 10h before (16ml /kg) Р1 76.3 45.8 89.7 28.3 -7.7 3.5

Р5 58.8 82.3 77.0 5.7 -9.9 -13.6

Р10 35.6 41.0 40.0 -25.5 -10.1 -20.2

Р15 49.4 41.5 26.8 -41.6 -3.3 -18.7

Р20 54.3 45.9 24.2 -61.1 -6.3 -20.2
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Р25 67.5 57.9 23.9 -46.6 -2.0 -23.2

Р30 73.2 118.4 80.9 -48.6 -2.4 -23.2

PFТ 20 h before (16ml /kg) С -13.9 -43.7 -12.4 8.8 -9.1 -8.6

Р1 -13.9 -43.7 -12.4 8.8 -9.1 -8.6

Р5 -10.5 -21.6 -13.0 -3.2 1.0 8.0

Р10 -6.7 -14.5 0.5 -39.7 3.2 9.2

Р15 -5.8 -14.1 -20.8 -31.5 4.5 6.1

Р20 -7.0 -13.3 -25.0 -37.2 4.1 4.9

Р25 -1.4 -20.6 -30.0 -52.6 4.1 4.9

Р30 6.8 -21.6 -15.3 -45.4 7.0 6.1

4. Discussion
The main purpose of this experimental study was to investigate the cardioprotective properties of per�uorocarbon emulsion
in ex vivo-induced ischemic-reperfusion injury of an isolated rat heart. 

Peftoran itself as a 10% emulsion has been extensively researched from the moment of its �rst synthesis back in 1996 until
today [22-25]. Perftoran is primarily synthesized as a means that will enable improved transport and delivery of oxygen.
Perftoran is given by intravenous infusion in doses of 2-30 ml / kg body weight. Per�uoroan formulated so that the
concentration of total per�uorocarbon is 20% wt / vol (10% by volume) can dissolve 69 ml of oxygen in 100 ml of solution
at PO2 of 760 mmHg [26]. It is important to note that oxygen dissolves in per�uorocarbon, but is not chemically bound to it,
unlike hemoglobin, and diffuses easily through plasma and tissue to areas where reduced oxygen concentrations are
present. Because there is a linear relationship between oxygen partial pressure and oxygen content in per�uorocarbon
solution, increasing inhaled oxygen can signi�cantly improve oxygen delivery, but this must be done carefully to alleviate
oxygen toxicity in the lungs [27]. In cases of massive bleeding, Perftoran is often used with 40-90% oxygen during the acute
resuscitation phase to increase the delivery of oxygen from the lungs to the tissue. Perftoran is less concentrated than some
other per�uorocarbon emulsions, resulting in a more modest contribution to absolute oxygen carrying capacity (depending
on the dose administered), but has been shown to improve tissue oxygenation in multiple animal and human studies with
or without supplemental oxygen [28].

Also, per�uorocarbon emulsions serve as a molecular bridge to enhance the movement of gases through the plasma and
thus facilitate the delivery of oxygen carried by erythrocytes and it is hypothesized that this facilitation of oxygen movement
may be more important than the additional oxygen carried by per�uorocarbons [29].

Perftoran increases the transport and delivery of oxygen, and at the same time facilitates the diffusion of oxygen to the
ischemic tissue. The magnitude of its effect depends on many variables, such as plasma per�uorocarbon emulsion
concentration, inhaled oxygen fraction, hemoglobin concentration, tissue perfusion, and tissue oxygen level. Animal studies
have shown that large mammals can survive via per�uorocarbon emulsions even though they have very low hemoglobin
levels, which supports the use of per�uorocarbon emulsions to increase oxygen delivery in hemorrhagic anemia. However, it
should be noted that per�uorocarbon emulsions are not “arti�cial blood” because they lack the ability to provide other basic
blood functions, such as coagulation, immune response, and electrolyte maintenance and osmolar homeostasis [30]. They
can provide a temporary increase in oxygen supply and reduce the need for blood products.
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Preclinical studies support the non-toxicity of peftoran in a rat, mouse, rabbit, and dog model and the mean lethal dose is
239 ml / kg for an adult mouse and one-third lower for young mice. The intravenous lethal dose for rats is 140 ml / kg.
Therefore, there is no evidence from preclinical studies on the toxic effects of peftoran, no changes in body weight, blood
count or individual organs in terms of negative effects. However, short-term administration (3 days) of a larger volume of
peftoran emulsion in some studies led to a transient increase in urine concentration, transaminases, and enlargement of the
spleen. Such changes are described as transient and disappear within a period of six months. Literature data show that the
elimination half-life of this emulsion is about 90 days, so it is logical where such systemic changes in that period came
from. Precisely because of these characteristics and others such as low concentration and low oxygen binder capacity (6.9
ml / dl at PO2 760 mmHg), peftoran emulsion can have a positive effect on the cardiovascular system and body
performance in general. Also, studies have shown that infusion of peftoran normalizes mean arterial blood pressure in rats
(from 150/70 to 50/30) better than saline solutions that are in clinical use [31-35]. The use of peftoran would be especially
important in hemorrhagic shock, bleeding, and in all conditions in which rapid oxygen replacement and blood and oxygen
supply to vital organs are required. During our research, we noticed that the emulsion of peftoran has a strong effect by
increasing the bioavailability of nitrogen monoxide, which is a powerful vasodilator, but also by increasing the contractile
ability of the myocardium of rats. The lipophilic structure of peftoran comes to the fore precisely during the earlier
application of peftoran, ie we noticed that the application for example 20 hours before ischemia is more effective in relation
to the application immediately before cardiac ischemia [36, 37].

Clinical studies indicate different results regarding the effects of peftoran emulsion. Pharmacodynamics depend exclusively
on the dose, condition and disease of the patient, method of administration, etc. and adverse effects occur in about 8% of
all patients, such as transient hyperemia, tremor and sometimes hypotension, and very rarely renal colic and pulmonary
complications [38, 39].

Overall, the literature data indicate that the e�cacy of peftoran and a positive effect were observed in 86.3% of all subjects,
and negative effects in 3.3%, and the absence of all effects in 8.3% of subjects. The most common indication is bleeding
due to which a peftoran emulsion was applied [40-45].

Taking into account the results of preclinical and clinical studies, as well as the results of our research, it is clear that
peftoran emulsion does not have to be only a blood substitute but also a treatment of choice in polytraumas, various shock
states, injuries to vital organs of kidneys, brain and heart, but also a powerful tool. to eliminate swelling after craniocerebral
trauma. Also, the use of properly dosed perftoran may be the treatment of choice in all conditions of organic dysfunction in
adults. Since ischemic diseases of the cardiovascular system basically have reduced bioavailability of vasodilators of
nitrogen monoxide and blood supply, it is quite logical to use short-term peftoran which will stimulate the production of
nitrogen monoxide in the endothelium and improve vascular function of coronary blood vessels. The future of peftoran use
lies in all of the above, in new indications and methods of application, because another name for peftoran can be an
antihypoxic and antiischemic blood substitute with mild membranotropic effects.

Conclusion
Based on all the above, we can conclude that Peftoran administered immediately before ischemia (1 hour) has less positive
effects on myocardial function in a model of an isolated rat heart compared to earlier administration (10 and 20 hours).
Also, the effects of 10% peftoran solution are more pronounced if there is a longer period of time from application to
ischemia, ie immediate application of peftoran before ischemia (1 hour) gave the weakest effects on the change of
cardiodynamics of isolated rat heart. The future of peftoran use is in new indications and methods of application and
another name for peftoran can be antihypoxic and antiischemic blood substitute with mild membranotropic effects.
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