
 

 
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

CHAPTER 19 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and 

cardiac injury and endothelial dysfunction induced by acute myocardial 

infarction in hypercholesterolemic rats receiving iodinated contrast  
 

     https://doi.org/10.56238/sevened2024.005-019

 

Roberto de Souza Moreira1, Maria Claudia Costa Irigoyen2, José Manuel Condor Capcha3, Talita Rojas 

Cunha Sanches4, Paulo Sampaio Gutierrez5, Margoth Ramos Garnica6, Irene de Lourdes Noronha7 and 

Lúcia da Conceição Andrade8 

 

 

ABSTRACT 

Moreira, R.S, Irigoyen, M.C, Capcha, J.M.C, Sanches, T.R, Gutierrez, P.S, Garnica, M.R, Noronha, I.L, 

Andrade, L. Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and 

endothelial dysfunction induced by acute myocardial infarction in hypercholesterolemic rats receiving 

iodinated contrast.  

INTRODUCTION: The use of contrast after angiography in infarcted animals induces acute kidney injury, 

being associated with worsening prognosis and increased mortality. Hypercholesterolemia is an aggravating 

factor of endothelial injury in acute myocardial infarction (AMI) and the use of contrast in diagnosis and 

treatment can cause acute kidney injury. Treatment with the apolipoprotein AI mimetic peptide 4F can reverse 

endothelial injury by reducing LDL levels and preventing its oxidation.  OBJECTIVES: To analyze the effect 

of Apo A-I (using mimetic peptide 4F) on cardiac and renal injury induced by acute myocardial infarction 

(AMI) with contrast therapy in hypercholesterolemic rats. METHODS: This was a prospective study with rats 

on a diet at 4% cholesterol for 8 days, divided into a SHAM group operated without coronary ligation (n=6) or 

infarcted animals with ligation of the left anterior descending coronary artery, with or without the use of 

contrast and treatment 6 hours after infarction induction: AMI (n=15),  AMI+C (iopamidol 2.9 g/kg body 

weight, intrafemoral artery injection n=15), AMI+4F (4F, 10mg/kg body weight, peritoneal injection, n=8) and 

AMI+C+4F (n=8). All results are analyzed after 24 AMI and expressed as mean and standard error. 

RESULTS: It was observed that the AMI+4F and AMI+C+4F groups showed a better response to cardiac 

injury and renal injury compared to the AMI and AMI+C groups. There was an improvement in renal function 

through 12-hour creatinine clearance, increased expression of eNOS, increased VEGF, preservation of 

mitochondrial morphology, reduction of inflammation with a lower expression of CD68+ (macrophages),  

decreased positive tunnel cells associated with an increase in apolipoprotein AI (Apo AI) expression in renal 

tissue. The same happened in cardiac function with decreased plasma troponin, increased expression of eNOS, 

VEGF, isolectin B4, reduction in inflammation represented by lower TLR4 expression, positive tunnel cells, 
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improved cholesterol profile, preservation of mitochondrial morphology and associated with increased 

expression of Apo AI in cardiac tissue.  Hemodynamics were preserved with improvement in cardiac output, 

ejection fraction, baroreflex response, left ventricular end-diastolic pressure, and associated with a decrease in 

the infarct area measured by both echocardiogram and immunohistochemistry. We demonstrate that treatment 

with apolipoprotein AI can be a therapeutic option in cardiac and renal injury by reversing the inflammatory 

response through the efflux of HDL-dependent cholesterol. 
 

Keywords: Apolipoprotein, Hypercholesterolemia, Contrast, Acute myocardial infarction/surgery, Acute 

kidney injury, Contrast nephropathy.
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INTRODUCTION 

MECHANISMS OF HYPERCHOLESTEROLEMIA;  

The effects of hypercholesterolemia act on the proliferation and differentiation of 

hematopoietic stem cells/progenitor cells (CEPH). In addition, dyslipidemia also acts on neighboring 

cells of the CEPH and causes inflammation, arteriosclerosis and cardiovascular diseases. (1, 2, 3)  

Hypercholesterolemia is associated with phenotypic changes in endothelial cell function that 

lead to a pro-inflammatory and pro-thrombotic state in different segments of the microcirculation. (4, 

5)  

Atherogenesis follows three phases, being endothelial dysfunction, fatty plaque formation, 

and fibrous capsule development. The most discussed hypothesis for its etiology is that the initial 

lesion occurs in response to an alteration of the endothelium caused by disturbances in blood flow 

(shear stress), the presence of oxidized lipids in lipoproteins, or the presence of some infectious 

agent. (6) 

 

EFFECTS OF ATHEROSCLEROSIS IN AN ANIMAL MODEL; 

Systemic sclerosis related to a diet high in cholesterol causes an autoimmune disease of the 

connective tissue characterized by decreased vascular function, increased oxidative stress, impaired 

angiogenesis and inflammation in the internal organs developing crosstalk mainly related to kidney 

function.(7, 8) 

Studies using a myocardial infarction model in hypercholesterolemic rats have shown an 

increase in LDL compared to HDL, mimicking the situation found in humans.(9) Animals fed a high-

cholesterol diet showed a worsening of ventricular remodeling compared to animals fed a normal 

diet. This study demonstrates that the hypercholesterolemic diet can impair heart function leading to 

a decrease in effective cardiac output and harming other organs. (9, 10) 

High cholesterol in a rat model of hropercholesterolemia showed an increased myocardial 

vulnerability with worsening of the infarct area, significant alteration in the number of apoptotic cells 

and associated with the activation of endoplasmic reticulum stress pathways.(11, 12) 

 

ALTERATIONS OF ACUTE MYOCARDIAL INFARCTION; 

In the presence of an acute myocardial infarction, there is a process of ischemia of the 

myocardial muscle, which can lead to necrosis of part of the musculature due to lack of adequate 

supply of oxygen and nutrients, leading to apoptosis of the heart cells.(13)  

Myocardial infarction is one of the main causative agents of heart failure, with a high rate of 

morbidity and mortality, leading to a high cost treatment in public hospitals, and with the increase in 

the perspective of age, this cost tends to increase. Despite therapeutic advances in treatment, the 
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prognosis is still poor, which can lead to death in a short period of time or heart failure. Studies with 

new therapeutic interventions are essential for advances in the treatment of the disease.(14)  

The choice of a model of acute myocardial infarction in animals that determines 

physiological changes found in clinical cases with humans is extremely important for understanding 

cardiovascular diseases. In the same AMI model we used, baroreflex sensitization, reduced cardiac 

parasympathetic modulation, and increased cardiovascular sympathetic modulation were 

confirmed.(15)  

Echocardiogram examination is a reliable and commonly used method to examine 

cardiovascular diseases. This modern technology offers a new opportunity to study cardiac 

dysfunction after acute myocardial infarction (AMI) in rats. Cardiovascular function parameters can 

provide a detailed prognosis of ejection fraction, cardiac output and especially infarct area in 

animals.(16, 17) 

Troponin I (cTnI) plays an important role in the evaluation of the ischemic area and prognosis 

of the patient. In an animal model, the peak of troponin I alteration was demonstrated 24 hours after 

infarction induction and the correlation of infarct expansion area with worsening of this marker in 

rats. It has been identified as an excellent marker of myocardial injury in rats associated with the 

prognosis of treatment.(18, 19) 

In infarction, the activation of leukocytes induces the release of pro-inflammatory cytokines, 

which in the acute phase cause alteration of the immune system and propagation of the systemic 

inflammatory response, leading to intravascular and hemodynamic dysfunction.(20) 

In a rat model of AMI with ligation of the anterior descending coronary artery of the left 

ventricle, after twenty-four hours the animals showed a significant decrease in ejection fraction 

associated with the increase in infarct area and reproducing what occurs in humans.(21) 

Acute myocardial infarction associated with hypercholesterolemia in an animal model 

showed a significant worsening in the untreated group with an increase in LDL, triglycerides and 

decreased HDL in plasma. A significant reduction in the expression of e-NOS and VEGF, and an 

increase in the infarct area with apoptosis in the cardiac tissue of rats. (22) 

Myocardial ischemia alone in an animal model has already led to significant alteration in 

cardiac tissue, demonstrating an increase in TLR4 (Toll-like receptor 4), which is an important 

inducer of apoptosis, demonstrated through the P38 pathways, MAPK, Bax, Bcl-2, cleaved caspase-3 

and c-Jun/AP-1.(23) 

 

THE RISKS OF USING LOW MOLECULAR WEIGHT CONTRAST 

Despite the measures to protect renal function in the examination of catheterizations or 

angioplasty, the use of low molecular weight contrast in acute myocardial infarction (AMI) is related 
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to a worsening of renal function in high-risk patients who have several underlying diseases 

associated with dyslipidemia and is related to a high risk of mortality.(24)  

Contrast-induced nephrotoxicity (CIN) has been discussed as one of the causes of acute 

kidney injury (AKI) in in-hospital patients. In patients with risk factors, the incidence is much higher, 

with a 25% increase in baseline creatinine in a period of 48 to 72 hours after the use of contrast. 

Decreased glomerular filtration rate (GFR) may lead to the use of hemodialysis therapies that are 

invasive and contribute to worsening prognosis.(25) 

Heart failure with reduced effective arterial volume may lead to a higher risk of AKI in the 

use of low molecular weight contrast, especially in the use of vasoactive drugs that potentiate the 

action of nephrotoxicity.(26)  

In an experimental study with hypercholesterolemic rats, animals that received low molecular 

weight contrast showed a worsening of renal function compared to animals that did not.(27) In a 

model of nephrectomy of the right kidney and ischemia with renal reperfusion in rats, 

hypercholesterolemic animals showed a decrease in HDL associated with an increase in LDL, and 

when submitted to renal ischemia, they presented a worsening of renal function measured by inulin 

clearance.(28) 

Using a model of contrast-induced nephropathy in rats, they administered a dose of 2.9 g/kg 

of iopamidol and demonstrated a worsening of renal function measured by the increase in tubular 

necrosis.(29) In a model of contrast-induced kidney injury, rats showed a worsening of renal function 

as measured by creatinine clearance, which was maintained even after six days of use and is related 

to apoptosis of tubular cells in the kidney.(30)  

In another study of contrast-induced nephropathy with the use of a dose of 2.9 g/kg of 

iopamidol, rats showed apoptosis of epithelial cells in renal tubules by activation of the JnK (Jun N-

terminal kinase) and P38 (mitogen-activated protein kinase) pathways, and the use of contrast was 

related to the inflammatory process, apoptosis and renal injury.(30, 31) 

 

CROSSTALK BETWEEN HEART AND KIDNEY IN THE USE OF CONTRAST 

Crosstalk is a cross-activation between a primary lesion and dysfunctions to the other organs. 

In patients with low cardiac output, there was a significant increase in plasma creatinine on 

angiography with contrast.(32) 

Decreased effective renal artery blood flow and vasoconstriction are considered major 

mechanisms of acute kidney injury. The use of contrast in addition to low cardiac output after 

suffering an acute myocardial infarction is associated with a worsening of renal function.(32, 33)   

However, hypercholesterolemia is also associated with worsening renal function, and studies 

show that an increase in creatinine during acute myocardial infarction increases the risk of mortality 
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in patients independent of other conventional risk factors. Not to mention the use of contrast, which 

can further aggravate the patient's condition at a time of hemodynamic instability.(34) 

Increased plasma creatine is associated with increased infarct area in patients who have 

experienced acute myocardial infarction.(35)   

Acute myocardial infarction leads to a chronic heart disease causing heart failure, acute 

kidney injury can cause a long-term chronic kidney disease and considering this scenario cardiorenal 

syndrome and a possibility of worsening in patients with crosstalk.(36, 37)      

Patients who have increased risk factors during the invasive procedure with the use of 

contrast in diagnostic or interventional examination may develop acute kidney injury when not 

properly treated.(38)   

 

HEMODYNAMIC STUDY OF HEART RATE (HR), ARTERIAL PRESSURE (BP) AND 

BARORECEPTORS IN MYOCARDIAL INFARCTION 

Hemodynamic control in myocardial infarction is important to reduce ischemic complications 

and avoid myocardial overload. Blood pressure at normal levels is critical for maintaining tissue and 

organ perfusion.(39)   

Impaired baroreflex function is a factor responsible for poor prognosis in patients with acute 

myocardial infarction. In a time of cardiac stress, the maintenance of cardiovascular homeostasis is 

dependent on the action of arterial pressoreceptors, cardiopulmonary receptors that reduce 

cardiovascular distress.(40) 

Either the sympathetic system that controls the vessels and heart through efferent fibers, or 

the parasympathetic system using the vagus nerve to the heart. These commands, controlled by the 

aortic and carotid pressoreceptors, are responsible for the efficient maintenance of cardiac output and 

peripheral resistance.(41)    

Pressoreceptors can increase parasympathetic activity by acting on the regulation of heart rate 

and blood pressure. The regulation of cardiac vagal tone is modulated by pressoreceptors, which is 

responsible for resting vagal tone in the animal when awake and using breathing voluntarily and 

always remembering that chemoreceptors and other reflexes associated with the animal's breathing 

can alter the activity of the parasympathetic system.(42) 

Cardiovascular diseases, in a general context, present alterations in sympathetic activity that 

are better known and studied. However, there is a consensus on the parasympathetic system, relating 

preserved vagal function to adequate maintenance of blood pressure variability and better protection 

of target organs.(43) 

Heart rate variability can determine a patient's prognosis, when it is reduced it increases the 

risk of sudden death during acute myocardial infarction.(44)        
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HIGH-DENSITY LIPOPROTEIN (HDL); 

The control of HDL levels has been useful for assessing cardiovascular risk and studies have 

shown the correlation between inflammation and HDL dysfunction. Functional measurements of 

HDL levels contribute important information about the activity of the molecule and are involved in 

atherogenesis, inflammation, and infection.(45, 46) 

The anti-atherosclerotic action is associated with several mechanisms of protection of the 

HDL molecule, as demonstrated in a study in the European population: high HDL levels decrease the 

risk of cardiovascular diseases even in type 2 diabetic patients. (47)   

Cellular cholesterol efflux plays an important role in reverse cholesterol transport (CRT), 

which occurs in active or passive diffusion mechanisms. Among the active processes are those 

involving the interaction of HDL, where mature HDL2 and HDL3 molecules are generated from the 

free lipids of apo AI or lipids poor in pre-beta HDL. These precursors are produced as nascent HDL 

from the liver, intestine or are released from the lipolyzed VLDL molecule and chylomicrons.(48) 

Cholesterol is actively pumped out of cells by the ATP-binding cassette transporter A1 

(ABCA1), mediated by lipid efflux and phospholipid transfer protein (PLTP) in lipid-poor apo AI. 

Lecithin-cholesterol acyltransferase (LCAT), which esterifies cholesterol in HDL, plays an important 

role in CRT because cholesteryl esters are much more hydrophobic than cholesterol and become 

trapped in the nuclei of cholesterol molecules.  

A portion of the free lipid of apo A-I undergoes glomerular filtration in the kidneys. (48, 49) 

 

PROTECTIVE ACTION OF LIPOPROTEINS; 

High-density lipoproteins (HDL) are involved in cholesterol efflux. The mechanism of action 

of HDL is still not well understood, due to the lack of information about the structure of the 

molecule. In its composition we find apolipoproteins that are part of the HDL molecule and its 

fractions, and are contained in lipoprotein particles. They play important roles in lipoprotein 

metabolism, such as transport of these hydrophobic molecules in the plasma aqueous medium, 

binding to specific receptors on the cell surface, and activation or inhibition of enzymes involved in 

lipid metabolism.(50, 51)  

Apolipoprotein A-I (apo A-I) is the largest component of the high-density lipoprotein (HDL) 

particle, contains about 190-243 amino acids in its composition, acts as a cofactor for the enzyme 

lecithin cholesterol acetyltransferase, and plays a key role in lipid binding and HDL molecule 

formation. It also acts as a mediator in the transfer of cholesterol from cells to HDL particles and its 

plasma concentration of apo A-I is strongly associated with HDL.(52-54) 
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THE USE OF APOLIPOPROTEIN AI MIMETIC PEPTIDE 4F; 

The search for peptides smaller than apo A-I, but with the same lipid-binding properties, led 

to the synthesis of a peptide with 18 amino acids. Its sequence (D-W-L-K-A-F-Y-D-K-V-A-E-K-L-

K-E-A-F) is not identical to the original structure of apo A-I, however it has a formation of 

amphipathic α-helices similar to those found in apo A-I and mimics many of the lipids of apo A-I.(55) 

4F is the main mimetic peptide of Apo A-1. It has been shown to play an important role in 

inflammatory states.(56) 

The 4F mimetic peptide (4F) features 4 strongly hydrophobic phenylalanine residues that 

allowed greater penetration of water molecules into the hydrophobic environment. The penetration of 

the 4F mimetic peptide occurs through phosphatidylcholine, a phospholipid present in cell 

membranes and demonstrated through in vitro studies that proved the presence of 4F inside cells.(55, 

57)  

Plasma HDL concentrations decrease with age in prospective studies. Decreased HDL 

concentration and function may occur secondary to hormonal changes, inflammatory processes, and 

diabetes mellitus. In addition to these specific effects, the aging process may be involved with a 

decrease in the concentration of HDL and its functions. HDL deficiency is extremely rare among 

centenarians. HDL can modulate the aging process, not only because of its well-known 

antiatherogenic function, but possibly also because it directly interferes with aging by signaling 

proteins such as klotho. Most of the current results, however, are based on cell culture and 

experiments with transgenic animals. There are no studies on models in vivo.(58) 

The anti-inflammatory and anti-atherogenic effects of 4F are due to the elevation of HDL 

formation, increased cholesterol efflux and reduced lipoprotein oxidation. In addition, improvement 

of arterial vaso-reactivity is also an important function of the .4F(46) Currently, plasma levels of 

apolipoproteins A-I have been described as better predictors of atherosclerotic diseases. Oral 

administration of apo A-I 4F dramatically inhibits atherosclerosis in mice independent of changes in 

plasma HDL and total cholesterol levels.(59) 

A recent study showed that administering apo A-I (4F) to mice resulted in an increase in 

HDL, a reduction in lipoprotein lipid peroxides, an increase in cholesterol efflux, a decrease in 

inflammatory cells, a reduction in plasma LDL levels, and activation of the paraoxonase pathway, 

favoring the conversion of pro-HDL molecules with anti-inflammatory action.(60) 

A study with the use of apo A-I D-4F improved the healing of endothelial lesions of carotid 

arteries in mice in the hypercholesterolemia model. It showed a significant decrease in oxidative 

stress and improvement in lipid oxidation.  (61) 

Apo A-I 4F protected against atherosclerosis in an animal model. Mechanisms include 

reverse cholesterol transport, removal of low levels of oxidized lipids, and preventing LDL 
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oxidation. Intraperitoneal administration of apo A-I 4F enhanced HDL's ability to protect against 

LDL oxidation in a diet-induced atherosclerosis model in mice.(62) 

There was no difference in oral or intraperitoneal administration, both showed a significant 

improvement in atherosclerotic lesion in an apo-null mouse model with graft from the inferior vena 

cava in the right carotid.(63)   

In some review studies with the use of apo A-I 4F, the positive action of the synthetic peptide 

in the prevention and reduction of atherosclerosis in animal models was confirmed. Its positive effect 

has been demonstrated in rats, mice, monkeys, and rabbits.(64-66)  

Even in a model of cardiac hypertrophy in mice, with prolonged use of a 

hypercholesterolemic diet, the protective action of apo A-I 4F was confirmed through the 

improvement of cardiac function, increase of HDL and decrease of LDL.(67) 

This drug may show benefits especially in acute coronary syndrome and exerts a protective 

function in systemic inflammatory response syndrome.(68) 

Experimental studies have shown proven benefits on cardiovascular function, with an 

increase in antioxidant and anti-inflammatory molecules, and an increase in paraoxonase and 

eNOS.(69-71) 

Recently, I demonstrated through a study conducted with rats in the sepsis model, the 

intraperitoneal administration of apo A-I 4F promoted the formation of new HDL particles. This 

study demonstrated improved cardiac performance, kidney function, and increased survival of the 

mice.(66, 72) 

Pharmacokinetic and pharmacodynamic studies in the oral use of apo A-I 4F were conducted, 

testing the safety of the peptides in humans. The results were satisfactory, with an increase in HDL 

and an improvement in its anti-inflammatory activity. (73) 

Some pharmaceutical companies of great importance in the world market are already testing 

the use of apolipoprotein AI in humans, phase 1, 2 and 3 clinical trials are already underway, 

demonstrating the importance of using this peptide in future treatments.(74) 

Currently, the study of peptide 4F is already in the preclinical phase for the treatment of 

coronary heart disease and atherosclerosis.(75) 

The beneficial effects of HDL on atherosclerosis have been attributed to apo A-I. It can be 

used as a therapeutic intervention. However, as it is a very large protein, it is very difficult to produce 

and is also extremely expensive. Due to this problem, Apo A-I mimetic peptides have been produced 

that can be used in the treatment of atherosclerosis with therapeutic success of reducing atheroma 

plaque and improving myocardial vascularization.(74, 76)  

Apolipoprotein A-I was investigated in a randomized, double-blind, multicenter study, and 

the pharmacokinetic and pharmacodynamic safety of the infusion in patients with stable 
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atherosclerotic disease was evaluated. The results showed a favorable overall safety, without the 

presence of hepatic and renal toxicity and with an increase in the concentration of apo A-I in the 

plasma, improving the cholesterol efflux.(77) 

In a recent study, it was demonstrated that the use of the bromodomain and extraterminal 

domain (BET) inhibitor, increases the production of transcription of the Apo A-I gene in humans, 

showed an increase in the number of HDL molecules associated with apo A-I with effective action in 

the improvement of pro-inflammatory, pro-atherosclerotic and pro-thrombotic pathways that may 

contribute to the risk of Cardiovascular Disease.(78) 

 

HIP 

Based on the scientific evidence analyzed, we hypothesized that hypercholesterolemic, 

infarcted and contrast-enhanced rats could present cardiac and renal manifestations similar to those 

observed in hospitalized patients. It is worth noting that the previous treatment of cardiac and renal 

lesions is essential for the prognosis of patients.(79)      

.   

OBJECTIVE 

The main objective of this project was to analyze the effect of Apo A-I (using mimetic 

peptide 4F) on cardiac and renal injury induced by acute myocardial infarction (AMI) with contrast 

therapy in hypercholesterolemic rats.  

 

SPECIFIC OBJECTIVES 

• To interpret cardiac structural and functional parameters by transthoracic 

echocardiography in 8-week-old Wistar rats, infarcted hypercholesterolemic animals, as 

well as infarcted hypercholesterolemic animals using contrast with and without 4F apo 

AI treatment and comparing them to controls.   

• To identify morphological alterations of the mitochondria of the heart and kidney in 8-

week-old Wistar rats, infarcted hypercholesterolemic animals, as well as 

hypercholesterolemic infarcted animals with the use of contrast with and without 4F apo 

AI treatment and comparing them to controls.   

• To verify whether the expression of apo AI 4F is increased in the heart and kidney of 8-

week-old Wistar rats, sham animals, hypercholesterolemic infarcted animals, as well as 

hypercholesterolemic animals infarcted with contrast and comparing them to animals 

treated with apo AI 4F.   

• To provide data on lipid metabolism disturbance in 8-week-old Wistar rats, infarcted 

hypercholesterolemic animals, as well as hypercholesterolemic infarcted animals with 
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contrast therapy with and without 4F apo AI treatment and comparing them to controls.   

• To investigate the inflammatory response and angiogenesis mechanisms involved in the 

vascular system of the heart and kidney of 8-week-old Wistar rats, infarcted 

hypercholesterolemic animals, as well as hypercholesterolemic infarcted animals with 

contrast with and without 4F apo AI treatment and comparing them to controls.   

• To control left ventricular end-diastolic pressure (LVEDP), vasomotor response, 

baroreflex in 8-week-old Wistar rats, infarcted hypercholesterolemic animals, as well as 

infarcted hypercholesterolemic animals with the use of contrast with and without 4F apo 

AI treatment and comparing them to controls.   

 

MATERIALS AND METHOD 

The experimental procedures were developed in accordance with the institutional guide for 

laboratory care and use, with the approval of the Ethics Committee on the Use of Animals (FMUSP – 

CAPPESQ) School of Medicine of the University of São Paulo, Brazil/ Ethics Committee for 

Analysis of Research Projects (#261/13). 

The animal model used in our project consists of a strain of male Wistar rats with weights 

between 200 – 250g and about 8 weeks of age were obtained from the Central Vivarium of the 

Faculty of Medicine of the University of São Paulo (FMUSP). The animals were kept separately in 

an environment with controlled temperature (22 – 24ºC) and light (12-hour light/dark cycle). They 

had free access to water and the hypercholesterolemic diet was prepared according to the standard 

diet for rodents AIN-93G and modified by replacing 3.5% of soybean oil with hydrogenated fat and 

adding 4% of cholesterol and 0.4% of cholic acid.(80) 

The animals were randomly divided into five groups listed below.  

We used the AMI (acute myocardial infarction) model described by Pfeffer et al, 1979.(81) 

 

EXPERIMENTAL SEQUENCE; 

 All animals received a 4% cholesterol diet and were separated into 5 groups:   

3.1.1). Sham (S);   

3.1.2). Infartado (I);   

3.1.3). Contrast infarction (CI);   

3.1.4). Infarctionary treated with APO AI 4F (I+4F);   

3.1.5). Contrast-enhanced infarction treated with APO AI 4F (IC+4F).   

The above-mentioned experimental groups were studied after five distinct periods: 8th day, 

00h on the 9th day, 6h on the 9th day, 12h on the 9th day and 10th day. It is important to emphasize 

that infarcted animals were included in the protocol only when an area of akinesia was confirmed (by 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

echocardiography) and troponin examination 24 hours after the surgical procedure to induce 

infarction. It should also be noted that those with a minimum of 15% of akinesia area in the 24 hours 

were considered for the study.  

Next, procedures common to all studies will be presented. It should be noted that this 

methodological sequence presented will be maintained in the presentation of the results and in their 

discussion. 

 

Sham Group 8 Days Cholesterol 4% Diet (SHAM);     

0h: Weighing, cannulation of the femoral artery and vein.   

6h: The volume of the 0.9% DES vehicle was administered intravenously (IV) using a 

femoral artery for each animal and were equivalent to the volume of the 0.9% SF vehicle 

administered intraperitoneally (ip) for each animal and were equivalent to the volume of the Apo AI 

4F. 

12 noon: Beginning of diuresis control for 12 hours in a metabolic cage. 

24h: Blood pressure, heart rate (30 min) recording, baroreflex sensitivity assessment, 

echocardiographic evaluation and left ventricular end-diastolic pressure measurement, and 

euthanasia to remove plasma for biochemical analysis and tissue for molecular biology analysis. 

 

Group 8 days of diet 4% Infarcted Cholesterol (AMI);   

0h: Weighing, artery and vein cannulation and AMI  

6h: The volume of the 0.9% DES vehicle was administered intravenously (IV) using a 

femoral artery for each animal and were equivalent to the volume of the 0.9% SF vehicle 

administered intraperitoneally (ip) for each animal and were equivalent to the volume of the Apo AI 

4F. 

12 noon: Beginning of diuresis control for 12 hours in a metabolic cage. 

24h: Blood pressure, heart rate (30 min) recording, baroreflex sensitivity assessment, 

echocardiographic evaluation and left ventricular end-diastolic pressure measurement, and 

euthanasia to remove plasma for biochemical analysis and tissue for molecular biology analysis. 

 

Group 8 days of diet 4% Contrast Infarction (AMI+C);   

0h: Weighing, artery and vein cannulation and AMI  

6 a.m.: Injection of iopamidol contrast 2.9 g iodine/kg body weight in the femoral artery and 

volume of the vehicle with 0.9% DES was administered by ip, for each animal, and were equivalent 

to the volume of Apo AI 4F. 

12 noon: Beginning of diuresis control for 12 hours in a metabolic cage. 
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24h: Blood pressure, heart rate (30 min) recording, baroreflex sensitivity assessment, 

echocardiographic evaluation and left ventricular end-diastolic pressure measurement, and 

euthanasia to remove plasma for biochemical analysis and tissue for molecular biology analysis. 

 

Group 8 days of 4% cholesterol diet Infarction, treated with APO AI 4F (AMI+4F);   

0h: Weighing, artery and vein cannulation and AMI  

6 a.m.: The volume of the 0.9% DES vehicle was administered intravenously, using a 

femoral artery, to each animal and were equivalent to the contrast volume. They received treatment 

with APO AI IP/10mg/kg. 

12 noon: Beginning of diuresis control for 12 hours in a metabolic cage. 

24h: Blood pressure, heart rate (30 min) recording, baroreflex sensitivity assessment, 

echocardiographic evaluation and left ventricular end-diastolic pressure measurement, and 

euthanasia to remove plasma for biochemical analysis and tissue for molecular biology analysis. 

 

Group 8 days of diet cholesterol 4% Contrast Infarction Treated with APO AI 4F 

(AMI+C+4F);   

0h: Weighing, artery and vein cannulation and AMI  

6h: Injection of iopamidol contrast 2.9 g iodine/kg body weight in the femoral artery and 

treatment with APO AI IP/10mg/kg. 

12 noon: Beginning of diuresis control for 12 hours in a metabolic cage. 

24h: Blood pressure, heart rate (30 min) recording, baroreflex sensitivity assessment, 

echocardiographic evaluation and left ventricular end-diastolic pressure measurement, and 

euthanasia to remove plasma for biochemical analysis and tissue for molecular biology analysis. 

 

INFARCTION INDUCTION 

The animals were weighed and anesthetized with a mixture of Ketamine (50 mg/Kg) and 

Xylazine (12 mg/Kg) intraperitoneally, placed in the supine position and intubated (gelco-14G). A 

small cut was made in the skin, and the pectoral muscles were pulled apart. The animal was 

submitted to artificial respiration (Intermed, Inter 3, São Paulo, SP) and a left thoracotomy was 

performed in the fourth intercostal space, with a retractor placed between the ribs for better 

visualization. 

The pericardium was opened and the left atrium was moved away to visualize the anterior 

interventricular vein as a reference to the artery. The procedure for the ligation of the anterior 

interventricular artery consisted of the passage of a wire under the vein, reaching part of the 
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musculature, where the artery is located. This was ligated (6.0 mononylon thread) causing ischemia 

of the adjacent tissue. 

After coronary ligation, the thoracotomy was closed (4.0 mononylon thread) and the 

pneumothorax was removed. The separated muscles were repositioned and the skin was sutured (4.0 

mononylon thread). Soon after the animal's recovery and the onset of reflexes suppressed by the 

action of anesthetics, the animal was removed from artificial ventilation and breathed in a heated 

environment for recovery. It was administered intramuscularly with 30000 IU benzylpenicillin24. 

(Figure 1).   

 

HEMODYNAMIC MEASUREMENTS 

Blood pressure and heart rate measurements in rats 24 hours after surgical procedure 

induction (AMI); 

The analysis of pressure signals was performed using a commercial program associated with 

the acquisition system. This program allowed the detection of maxima and minima of the pressure 

curve beat by beat, providing the systolic blood pressure (SBP) and diastolic blood pressure (DBP) 

values by the integral of the area under the curve in time. Heart rate (HR) was determined from the 

interval between two systolic peaks. The results were presented as mean values and standard 

deviations of the periods in which the data were analyzed for BP and HR. The data sheets obtained 

were analyzed in a commercial program for analysis (Excel 5.0), where the mean and standard 

deviation of BMP, SBP, DBP and HR were calculated for each animal. MAP variability was 

calculated using the mean of the standard deviations of each animal studied. The mean arterial 

pressure variability coefficient was obtained by means of the ratio of MAP variability to the mean 

arterial pressure value of each animal under study.25th 

 

EVALUATION OF THE PRESSORECEPTOR REFLEX; 

After MAP recording and the animals had remained at rest for 15 minutes, the sensitivity of 

the pressoreceptors was tested by infusion of phenylephrine and then sodium nitroprusside. 

Phenylephrine (Sigma Chemical Company, St. Louis, MO, USA), a potent α1 stimulator whose 

predominant action occurs in peripheral arterioles causing vasoconstriction, was injected in 

increasing doses into the femoral vein cannula. This drug was used, therefore, to cause an increase in 

blood pressure, an effect that causes subsequent reflex bradycardia, commanded by the 

pressoreceptors. 

The opposite effect, i.e., a reduction in blood pressure with a tachycardia response, also 

commanded by the pressoreceptors, was caused by the injection of increasing doses of sodium 

nitroprusside (Sigma Chemical Company, St. Louis, MO, USA), a potent vasodilator of both 
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arterioles and veins, whose action occurs through the activation of guanylate cyclase and increased 

synthesis of 3',   (minutes)- guanosine monophosphate (cyclic GMP) in the smooth muscle of vessels 

and other tissues.5’ 

To evaluate the sensitivity of the pressoreceptors, the maximum or minimum peak MAP was 

reduced from the MAP values of the control period. In the same way, the maximum variation of heart 

rate was reduced from the heart rate values of the control period, immediately before the infusion of 

the drugs, for later quantification of the responses. Baroreflex sensitivity was assessed by the index 

calculated by dividing the HR variation by the MAP variation.25th 

 

STATISTICAL ANALYSIS 

Data are expressed as mean ± standard error or mean ± standard deviation. Differences 

between the means of the multiple parameters were analyzed by the One-Way ANOVA method 

followed by the Newman-Keuls test. The statistical program used was GraphPrism 5.0. Values of p < 

0.05 were considered statistically significant. 

 

RESULTS 

BIOCHEMICAL DATA 

Table 1 below presents the biochemical data. As can be seen, there was a significant 

improvement in serum creatinine in AMI and AMI + C animals treated with 4F compared to animals 

with AMI and AMI+C not treated. Treatment with completely reversed this alteration.4F 

Table 1 also shows an increase in serum levels of hepatic enzymes in animals infarcted with 

contrast, demonstrating hepatic dysfunction, with significant recovery of the alteration with the 

treatment of peptide 4F. Similarly, there was a significant increase in serum lactate in the AMI + C 

group. It is important to observe the levels of Triglycerides, Total Cholesterol, VLDL, LDL and HDL 

in animals with infarction. There is a significant increase in triglycerides, total cholesterol, VLDL 

and LDL, and a decrease in HDL in this model of contrast-enhanced AMI. Treatment with 

significantly reversed all changes, especially in the decrease in LDL and increase in HDL.4F4F 

 

Table 1. Biochemical data in animals with 24-hour AMI or SHAM. 

 SHAM IAM IAM+C IAM+4F IAM+C+4F 

Creatinine 

(mg/dl) 

 

0.27±0.02 0,57±0,04 a,b,c 0,65±0,04 a,b,c 0,38±0,02 e 0.39±0.02g 

Urine volume 

(ml/12h) 

 

0.02±0.002 0,006±0,001e,f 0,009±0,002f,k 0.02±0.005 0.03±0.004 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

Sodium 

excretion 

fractions 

(FENa %) 

 

0.127±0.09 0.196±0.09 0.299±0.07 0.176±0.08 0.245±0.07 

Potassium 

excretion 

fraction 

(FEK%) 

14.9±1.88 19.6±8.44 27.0±7.96 22.2±8.07 22.8±8.35 

Urinary 

osmolality 

(mOsm/kg) 

 

860.1±84.6 1019.0±220.8 674.9±178.1 806.8±314.2 836.0±341.8 

Lactate 

(mmol/l) 

 

1.54±0.12 2,4±0,11 j,k,l 2,66±0,2 g,h,l 1.74±0.2 1.87±0.2 

Triglicerídeos 

(Mg/dl) 

 

39.8±8.5 114,1±14,6d,e,f 120,0±13,6d,e,l 43.9±11.6 62.58±13.6 

Colesterol 

total 

(mg/dl) 

 

95.7±7.5 145,0±10,5j,k,l 154,8±9,42g,h,i 93.8±11.4 100.9±14.0 

VLDL 

(mg/dl) 

 

7.1±0.8 23,7±0,95a,b,c 25,3±1,2a,b,c 8.62±2.1 11.1±2.8 

LDL 

(mg/dl) 

 

35.5±4.2 118.5±4.8a,b,c 120.9±5.4a,b,c 42.7±7.3j 62.2±5.2j 

HDL 

(mg/dl) 

44.0±4.3 57.5±10.7 42.3±9.9h,i 77.8±3.9g 72.6±4.1g 

a

 p < 0,0001 vs. Sham; 
b

 p < 0,0001 vs. IAM+4F; 
c 

p < 0,0001 vs. IAM+C+4F; 
d

 p < 0,001 vs. Sham; 
e

 p < 0,001 vs. 

IAM+4F; 
f 

p < 0,001 vs. IAM+C+ 4F; 
g

 p < 0,01 vs. Sham; 
h

 p < 0,01 vs. IAM+4F; 
i 

p < 0,01 vs. IAM+C+4F;
 j

 p < 0,05 

vs. Sham; 
k

 p < 0,05 vs. IAM+4F; 
l 

p < 0,05 vs. IAM+C+ 4F. Dados expressos em média ±EPM. 

 

MEASUREMENTS OF RENAL FUNCTION THROUGH 12-HOUR CREATININE 

CLEARANCE; 

As shown in Figure 1 and Table 2, we demonstrated that 24 hours after infarction induction, 

there is a significant reduction in 12-hour creatinine clearance in the 4F-treated groups. 

Treatment with 4F restored renal function similar to the Sham group.  

 

Figure 1. Creatinine clearance 12 hours after induction of AMI and AMI+C. *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001(n=8 

animals per group). 
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MEASUREMENTS OF CARDIAC FUNCTION AND THROUGH PLASMA TROPONIN I 

TESTING; 

As can be seen in Figure 2A and Table 3, there is an increase in the ischemic area marker in 

the AMI and AMI+C groups. The AMI+4F and AMI+C+4F groups showed a significant reduction in 

troponin I values. 

           

Figure 2. Plasma troponin I test 24 hours after MIC induction. 

 
 

WESTERN BLOTTING STUDY FOR ANALYSIS OF PROTEIN EXPRESSION IN RENAL 

TISSUE 

Study of eNOS expression; 

As can be seen in (Figs 3A and 3B) and Table 4, there is a significant decrease in the 

expression of the eNOS protein. The expression of this protein in infarcted animals (AMI and 

AMI+C groups) is significantly lower. As in the SHAM group, treatment with the peptide restored 

eNOS expression in the AMI+4F and AMI+C+4F groups in renal tissue. 

 

Figure 3A and 3B. Expression of eNOS protein in renal tissue. *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001(n=8 animals per 

group). 

 

 

Study of VEGF expression; 

As can be seen in (Figs 4A and 4B) and Table 5, there is a significant decrease in the 

expression of the VEGF protein. The expression of this protein in infarcted animals (AMI and 

AMI+C groups) was significantly lower, as well as in the SHAM group that did not receive ischemia 
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stimulation. Treatment with the peptide restored VEGF expression in the AMI+4F and AMI+C+4F 

groups in renal tissue. 

 

Figure 4A and 4B. Expression of VEGF protein in renal tissue. *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001(n=8 animals per 

group). 

 

 

Study of APO AI expression; 

As can be seen in (Figs 5A and 5B) and Table 6, there is a significant decrease in the 

expression of the APO AI protein. The expression of this protein in infarcted animals (AMI and 

AMI+C groups) is significantly lower, as well as in the SHAM group that did not receive treatment. 

Treatment with the peptide restored the expression of APO AI in the AMI+4F and AMI+C+4F 

groups in renal tissue. 

 

Figure 5A and 5B. Expression of APO AI protein in renal tissue. *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001(n=8 animals 

per group). 

 

 

WESTERN BLOTTING STUDY FOR ANALYSIS OF PROTEIN EXPRESSION IN CARDIAC 

TISSUE; 

Study of eNOS expression; 

As can be seen in (Figs 6A and 6B) and Table 7, there is a significant decrease in the 

expression of the eNOS protein. The expression of this protein in infarcted animals (AMI and 

AMI+C groups) is significantly lower. As in the SHAM group, treatment with the peptide restored 

eNOS expression in the AMI+4F and AMI+C+4F groups in cardiac tissue. 
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Figure 6A and 6B. Expression of eNOS protein in cardiac tissue. *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001(n=8 animals 

per group). 

 

 

Study of VEGF expression; 

As can be seen in (Figs 7A and 7B) and Table 8, there is a significant decrease in the 

expression of the VEGF protein. The expression of this protein in infarcted animals (AMI and 

AMI+C groups) was significantly lower, as well as in the SHAM group that did not receive ischemia 

stimulation. Treatment with the peptide restored VEGF expression in the AMI+4F and AMI+C+4F 

groups in cardiac tissue. 

 

Figure 7A and 7B. Expression of the VEGF protein in cardiac tissue. *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001(n=8 

animals per group). 

 

 

Study of APO AI expression; 

As can be seen in (Figs 8A and 8B) and Table 9, there is a significant decrease in the 

expression of the APO AI protein. The expression of this protein in infarcted animals (AMI and 

AMI+C groups) is significantly lower, as well as in the SHAM group that did not receive treatment. 

Treatment with the peptide restored APO AI expression in the AMI+4F and AMI+C+4F groups in 

cardiac tissue. 
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Figure 8A and 8B. Expression of APO AI protein in cardiac tissue. *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001(n=8 animals 

per group). 

 

 

IMMUNOHISTOCHEMISTRY STUDY FOR THE DETERMINATION OF PROTEIN 

EXPRESSION OF CELLS AND MITOCHONDRIAL MORPHOLOGY IN MYOCARDIAL 

INFARCTION IN RENAL TISSUE; 

Study of the protein expression of CD68-positive cells in renal tissue; 

We can observe an increase in macrophages in the AMI and AMI+C groups in the (Fig. 9A, 

9B and Table 10) showed a more expressive positive staining score and there was a significant 

improvement in the AMI+4F and AMI+C+4F groups represented in (Figs 9A, 9B and Table 10) 

compared to the SHAM group.  

 

Figure 9A and 9B. Immunohistochemistry of CD68 expression in renal tissue. *P≤0.05; **P≤0.01; P≤0.001; 

P≤0.0001(n=6 animals per group). 

 

 

Study of the protein expression of positive Tunel cells in renal tissue; 

We can observe an increase in the number of apoptotic cells in the AMI and AMI+C groups in 

the (Fig. 10A, 10B and Table 11) showed a more expressive positive staining score and there was a 
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significant improvement in the AMI+4F and AMI+C+4F groups represented in (Figs 10A, 10B and 

Table 11) compared to the SHAM group.  

 

Figure 10A and 10B. Immunohistochemistry of the expression of positive tunnel cells in renal tissue. *P≤0.05; **P≤0.01; 

P≤0.001; P≤0.0001(n=6 animals per group). 

 

 

Study of mitochondrial morphology in myocardial infarction in renal tissue; 

We can observe morphological changes in the crests of the mitochondria with balloon 

formations within their structure in the AMI and AMI+C groups in the (Fig. 11) showed a visible 

alteration in the image. We can associate the same alterations found in the mitochondria of the heart 

and with the treatment there was an improvement in the alterations in the AMI+4F and AMI+C+4F 

groups, which had morphological aspects more similar to the SHAM group represented in (Fig. 11). 

 

Figure 11. Mitochondrial morphology in myocardial infarction in renal tissue. 
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IMMUNOHISTOCHEMISTRY STUDY FOR THE DETERMINATION OF PROTEIN 

EXPRESSION OF CELLS AND MITOCHONDRIAL MORPHOLOGY IN MYOCARDIAL 

INFARCTION IN CARDIAC TISSUE; 

Study of the protein expression of TLR4 positive cells in cardiac tissue; 

We can observe an increase in the number of positive TLR4 cells in the AMI and AMI+C 

groups in ( Figs 12A, 12B and Table 12) showed a more expressive positive staining score and there 

was a significant improvement in the AMI+4F and AMI+C+4F groups represented in (Figs 12A, 12B 

and Table 12) compared to the SHAM group.  

 

Figure 12A and 12B. Immunohistochemistry of TLR4-positive cell expression in cardiac tissue. *P≤0.05; **P≤0.01; 

P≤0.001; P≤0.0001(n=6 animals per group). 

 

 

Study of infarct area expression in cardiac tissue; 

Figs 13A, 13B and Table 13 show images of cross-sectional sections of the hearts of the 

groups studied, at the level of the papillary muscles, as measured by the ratio between the volume of 

the area marked with Masson's dye and the total volume of the heart. The percentage of infarct area 

is increased in the AMI and AMI+C groups, and the animals treated with 4F (AMI+4F and 

AMI+C+4F) showed a significant improvement in the infarct area.  
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Figure 13A and 13B. Immunohistochemistry of AMI area expression in cardiac tissue. *P≤0.05; **P≤0.01; P≤0.001; 

P≤0.0001(n=6 animals per group). 

 

 

Study of mitochondrial morphology and quantification in myocardial infarction in the left 

ventricular region in rat hearts; 

As can be seen in (Fig. 14A, 14B and Table 14), there was an increase in the number of 

mitochondria identified by the electron microscopy technique in infarcted animals in the AMI and 

AMI+C groups. There was a significant improvement in the AMI+4F and AMI+C+4F groups 

represented in (Figs 14A, 14B and Table 14) compared to the SHAM group.  The result found in our 

model of cardiac dysfunction corroborates the picture presented so far and reinforces the premise that 

modifications in mitochondrial structure are associated with an increase in mitochondria in the 

infarcted area and compromising the proper functioning of the heart pump. 

 

Figure 14A and 14B. Number of mitochondria (100 μm2 mitochondrial area). *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001 

(n=6 animals per group). 
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IMMUNOFLUORESCENCE STUDY FOR THE DETERMINATION OF PROTEIN 

EXPRESSION OF CELLS IN CARDIAC TISSUE 

Study of the protein expression of positive Tunnel cells in cardiac tissue; 

We can observe an increase in the number of apoptotic cells in the AMI and AMI+C groups in 

the (Fig. 15A, 15B and Table 15) showed a more expressive positive staining score and there was a 

significant improvement in the AMI+4F and AMI+C+4F groups represented in (Figs 15A, 15B and 

Table 15) compared to the SHAM group.  

 

Figure 15A and 15B. Immunohistochemistry of the expression of positive tunnel cells in cardiac tissue. *P≤0.05; 

**P≤0.01; P≤0.001; P≤0.0001 (n=8 animals per group). 
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Study of the protein expression of B4-positive isolectin cells in cardiac tissue; 

We can observe a decrease in angiogenesis in the AMI and AMI+C groups in the (Fig. 16A, 

16B, 16C and Table 16) showed a decrease in the expression of capillary microvascularization, 

representative through the score with decreased coloration, and there was a significant improvement 

in the AMI+4F and AMI+C+4F groups represented in (Figs 16A, 16B, 16C and Table 16) compared 

to the SHAM group.  
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Figure 16A, 16B, and 16C. Immunohistochemistry of the expression of Isolectin B4 positive cells in cardiac tissue. 

Representative values of Figure 14B *P≤0.05; **P≤0.01; P≤0.001; P≤0.0001 (n=8 animals per group). 
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CARDIAC FUNCTION AND HEMODYNAMIC MEASUREMENTS 

Measurements of cardiac function and echocardiogram at 24 h after AMI induction; 

As can be seen in Figures 17A and 17B, Table 17, there was a significant reduction in ejection 

fraction and cardiac output in the AMI and AMI+C groups. 

As observed in the AMI+4F and AMI+C+4F groups in Figures 17A, 17B and Table 17, the 

treatment significantly improved ventricular function. The infarct area was measured in the apex and 

papillary region of the myocardium by echocardiogram in figures 17C, 17D and table 17, showing an 

improvement in the vascularization of the ischemic area in the AMI+4F and AMI+C+ groups. 4F 

 

Figure 17A, 17B, 17C, and 17D. Echocardiogram 24 hours after AMI induction. *P≤0.05; **P≤0.01; P≤0.001; 

P≤0.0001(n=8 animals per group). 

 
a

 p < 0,0001 vs. Sham; 
b

 p < 0,0001 vs. IAM+4F; 
c 

p < 0,0001 vs. IAM+C+4F; 
g

 p < 0,01 vs. Sham; 
h

 p < 0,01 vs. 

IAM+4F; 
i 

p < 0,01 vs. IAM+C+4F;
 k

 p < 0,05 vs. IAM+4F; 
l 

p < 0,05 vs. IAM+C+ 4F. Dados expressos em média 

±EPM. 

 

Cardiac function measurements using direct LVPDF measurement at 24 h after AMI 

induction; 

LV DIS was increased in the AMI and AMI+C groups compared to the Sham group. This 

pressure normalized with treatment in the AMI+4F and AMI+C+4F groups, shown in Figure 18 and 

Table 18.  
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Figure 18. Measurement of LVPD 24 hours after MAI induction. *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001(n=8 

animals per group). 

 

 

MAP and HR measurements 24 h after AMI induction; 

When we compare MAP 24 h after AMI induction in Figure 19A and Table 19, we observed a 

statistical difference in the AMI+C group, showing a significant decrease in MAP that is already 

expected in this infarction model, and the AMI group did not show any difference. However, it was 

recovered in the AMI and AMI+C+4F groups together with the Sham group. However, the AMI, 

AMI+C groups did not show any difference in comparison with the AMI+4F and AMI+C+4F 

groups, but there was a statistical difference between the groups without and with treatment 

compared to the Sham group, showing an increase in HR after AMI induction in Figure 19B and 

Table 19. Therefore, we found that the AMI+C group showed a decrease in MAP associated with an 

increase in HR. 

 

Figure 19A and 19B. Hemodynamic evaluation of MAP and HR 24 hours after MAI induction. *P≤0.05; **P≤0.01; 

***P≤0.001; ****P≤0.0001(n=8 animals per group). 

 

 

Measures of baroreceptor response 24 h after AMI induction; 

In the study of the response of the baroreceptors, we obtained extremely interesting data. 

Reflex tachycardia induced by nitroprusside, both at low dose 0.5 μg/kg (Fig. 20A) and at high dose 
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4.0 μg/kg (Fig. 20B), is altered in the AMI and AMI+C groups. Treatment with 4F re-established this 

baroreceptor response (Fig. 20A, 20B and Table 20). 

The same is explained for the study of the response of baroreceptors to a bradycardizing 

stimulus. Phenylephrine-induced reflex bradycardia at both low 0.25 μg/kg (Fig. 20A) and high dose 

2.0 μg/kg (Fig. 20B) is altered in animals with AMI and AMI+C. In animals treated with 4F, this 

response is recovered (Fig. 20A, 20B and Table 20). 

 

Figures 20A and 20B. Study of the response of baroreceptors 24 hours after MAI induction. *P≤0.05; **P≤0.01; 

***P≤0.001; ****P≤0.0001(n=8 animals per group). 
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DISCUSSION 

This is the first study to characterize the effects of apolipoprotein AI on renal and cardiac 

dysfunction after myocardial infarction in hypercholesterolemic rats receiving contrast.   

 

MODEL OF CARDIAC AND RENAL DYSFUNCTION ASSOCIATED WITH MYOCARDIAL 

INFARCTION 

Knowing that cardiac surgery to induce myocardial infarction in animals is used to mimic the 

ventricular dysfunction observed in humans, and in order to confirm cardiac dysfunction in the 

proposed animal model, an initial characterization of the phenotype of animals 24 hours after anterior 

descending coronary artery ligation surgery was part of this study. To this end, we evaluated cardiac 

and physiological morphofunctional parameters in the groups studied.(17, 18, 81) 

 

CARDIAC MORPHOFUNCTIONAL CHANGES AND PHYSIOLOGICAL PARAMETERS IN 

AN ANIMAL MODEL OF CARDIAC DYSFUNCTION ASSOCIATED WITH MYOCARDIAL 

INFARCTION 

Initially, cardiac function and structure were evaluated by means of echocardiographic 

examination 24 hours after myocardial infarction induction. As observed in the results, 24 hours after 

coronary artery ligation surgery, the AMI and AMI+C groups showed a reduction ejection fraction, 

cardiac output, and increased infarct area contributing to ventricular dysfunction. However, there was 

a significant improvement in the animals treated with 4F, the use of echocardiography in the cardiac 

morphofunctional evaluation is highly recommended for prognostic purposes and as indicators of 

ventricular dysfunction progression and its variables are used for the identification of the syndrome 

in both humans and rodents. (17, 83) 

We believe that the left ventricular dysfunction observed in these animals was a consequence 

of the exacerbated loss of cardiac contractile tissue due to the ischemic process, since after surgery 

the animals presented an infarcted area of around 40% of the total cardiac area.(18, 84) 

In addition to the echocardiographic alterations, the AMI and AMI+C groups showed an 

increase in the left ventricular (LV) end-diastolic pressure (PDF), which has a significant 

hemodynamic importance because it is measured within the left ventricular cavity of infarcted 

animals and records the ventricular filling pressures that determines hemodynamic changes and was 

reversed with the treatment of 4F in the AMI+4F and AMI+C+4F groups.(85)   

We also evaluated troponin I in plasma, which is a gold standard marker of ischemic 

myocardial injury. The results showed a significant change in the animals infarcted without treatment 

(AMI and AMI+C) compared to the groups that received the treatment (AMI+4F and AMI+C+4F). 
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The efficacy of the method was confirmed when compared with the sham group, which did not show 

changes in plasma levels.(19) 

The results suggest that decreased cardiac output is associated with reduced effective arterial 

volume of organs. Failure of cardiac performance, as seen in animals with heart failure, contributes 

to worsening survival in infarcted patients.31 Apolipoprotein AI restored cardiac performance 

(improving cardiac output, ejection fraction, infarction area, LV PDF, and troponin I). 

It is important to report that, associated with these cardiac alterations, we found an increase in 

the expression of TLR4-positive cells in the heart, as seen by immunohistochemistry, and associated 

with a decrease in the expression of endothelial synthesa nitric oxide (eNOS) proteins and an 

increase in lactate in the animals of the AMI and AMI+C groups, signaling an increase in 

inflammation in the cardiac tissue. The same is observed in other studies with worsening of cardiac 

function, but the animals treated with AMI+4F and AMI+C+4F showed a significant improvement in 

this marker.(75, 86-89) 

The alterations studied in the heart constitute the basis for a better understanding of the 

effects resulting from myocardial infarction, since the mitochondria are a fundamental part in the 

maintenance of the viability and functionality of the cardiomyocyte.  

As described in the results, we found changes in the morphology of the organelle, represented 

by the greater number of mitochondria with decreased muscle fibers in the hearts of AMI and 

AMI+C animals. There are studies correlating a reduction in the expression of the Parkin protein 

with mitochondrial autophagy (increase in the amount of mitochondria with reduced area) observed 

by the electron microscopy technique in infarcted animals.(90, 91) 

 The results corroborate and indicate that impairments in mitochondrial function cannot be 

compensated by the increase in the number of mitochondria, and that an appropriate balance in the 

structure of the organelle is necessary for the maintenance of cardiac homeostasis in infarcted rats. 

Energy production in heart tissue is not only related to mitochondrial morphology, but is also 

involved in the structural organization of organelles, represented by density and location. Due to the 

continuous energy demand generated by ATP, adult cardiomyocytes have extremely dense 

mitochondria when compared to other tissues, since in addition to effectively participating in the 

synthesis of ATP via oxidative phosphorylation, the organelle also participates in Ca2+ signaling, cell 

proliferation and apoptosis.(92-94)   

When we investigated the apoptosis pathway through the expression of positive tunnel by 

immunofluorescence in the cardiac tissue, we observed an increase in the AMI and AMI+C groups, 

which is associated with the increase of VEGF protein by western blot and decrease in angiogenesis 

represented by the expression of B4 isalectin in cardiac tissue in immunofluorescence. However, the 
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groups that received 4F treatment (AMI+4F and AMI+C+4F) showed significant improvement in all 

these markers of apoptosis in the cardiac tissue.(95-98) 

Taken together, our data demonstrate an important contribution of cardiac function attributed 

to the treatment of 4F that was confirmed by the significant increase in the expression of 

apolipoprotein AI in the cardiac tissue of the AMI+4F and AMI+C+4F groups by western blot. Our 

lipid profile data report a significant difference in the increase in HDL, decrease in LDL, decrease in 

VLDL and plasma triglycerides of the treated animals when compared with the AMI, AMI+C 

groups.(46, 66, 74, 99) 

 

RENAL ALTERATIONS AND PHYSIOLOGICAL PARAMETERS IN AN ANIMAL MODEL OF 

CARDIAC DYSFUNCTION ASSOCIATED WITH MYOCARDIAL INFARCTION 

In this study, a significant reduction in glomerular filtration measured by creatinine clearance 

associated with reduced urine flow was observed in the AMI and AMI+C groups, which was 

completely reversed in the AMI+4F and AMI+C+4F groups that received the treatment. However, 

the groups treated even with a significant increase in urinary flow did not show significant 

differences in sodium excretion fractions, potassium excretion fractions and urinary osmolality 24 

hours after infarction induction.(8)  

It is important to emphasize that associated with the decrease in glomerular filtration, there 

were some renal structural alterations, such as: increase in CD68 positive cells by 

immunohistochemistry associated with decreased expression of eNOS protein by western blot and 

increase in plasma lactate as was reported in cardiac alterations. We can affirm that there was a cross-

tok between the heart and the renal system through an inflammatory interaction that was 

demonstrated by significant alterations in the AMI and AMI+C groups when compared to the 

SHAM, AMI+4F and AMI+C+4F groups.(72, 100)  

In addition, there is also an important protein impairment related to the vascular integrity of 

the endothelium, which could explain the endothelial dysfunction occurring after ischemia and being 

considered as a consequence of impaired NO release (which is also observed in infarction patients). 

Our hypothesis is based on the alteration of the protein responsible for endothelial integrity (e-NOS). 

All of these events would be associated with a decrease in apo AI in renal tissue.(101) 

We believe that the findings of renal alterations are also related to inflammation, oxidative 

stress, cell proliferation and apoptosis similar to cardiac abnormalities. Our results demonstrate a 

significant increase in the expression of positive tunnel cells by immunohistochemistry, increased 

expression of VEGF protein by western blot and associated with morphological changes of 

mitochondria that are related to cell death by apoptosis in the AMI and AMI+C groups. These results 

may contribute to a better understanding of acute kidney injury in cardiac events.(102-106) 
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The results of the present study show that the treatment with 4F was positive in the renal 

tissue, showing a significant increase in the expression of apolipoprotein AI in the AMI+4F and 

AMI+C+4F groups compared to the animals in the SHAM, AMI and AMI+C groups.  Improving or 

Cardiac performance and renal function in contrast-infarcted rats. (46, 66, 74, 99) 

 

HEMODYNAMIC CHANGES IN THE ANIMAL MODEL OF CARDIAC DYSFUNCTION 

ASSOCIATED WITH MYOCARDIAL INFARCTION 

The response of the baroreceptors is also altered. There was an alteration in MAP in animals 

with AMI+C associated with an increase in HR in relation to sham and treated animals. However, the 

AMI group did not show significant changes. Studies have shown that these changes in baroreceptor 

response are associated with increased morbidity.(107) 

Reduced HDL is correlated with impaired cardiac function in patients with systemic 

inflammatory response syndrome.(74, 108). In our study, animals with AMI and AMI+C, the LDL was 

significantly increased. Nature pro-inflammatory LDL has been attributed to the cytotoxic release 

and lipid peroxidation.(46) Oxidized LDL alters the endothelium and leads to its dysfunction. 

Recently, they have shown that peptide 4F prevents lipid peroxidation.(46) Data suggest that it induces 

the formation of new HDL particles that are enriched in paraoxonase, an enzyme that degrades lipid 

peroxides.4F(69) 

Administration of peptide 4F increases paraoxonase activity, decreases cytokine synthesis and 

release, and decreases oxidative stress. (69, 109) 

In a recent study, it was shown that the HDL in the normal range appears to be completely 

protective against klotho protein dysfunction.(110) With aging, plasma HDL concentrations 

decrease.(110) Decreased serum HDL concentration and function may occur secondary to hormonal 

changes, inflammatory processes, and diabetes mellitus.(110, 111) HDL deficiency is extremely rare 

among centenarians. HDL can modulate the aging process, not only because of its well-known 

activity antiatherogenic, but possibly also by directly interfering with aging by signaling the klotho 

protein. Most of the current results, however, are based on cell culture. There is no confirmation yet 

in vivo.(58) 

In an extremely aggressive disease such as infarction, treatment with 4F peptide can be a 

great therapeutic option.(76) 

The baroreflex system is responsible for maintaining cardiovascular homeostasis and 

preserving blood flow to vital organs.(112) It is known that in infarction, there is a direct relationship 

between baroreceptor sensitivity and survival, which is diminished when there is dysfunction of the 

baroreflex response.(107). It has been described that eNOS activity is decreased in endothelial cells 

when exposed to LDL.(113) It is also described that oxidized LDL can alter the expression of 
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eNOS.(114) Alterations in HR and MAP variability, determined in part by nitric oxide-dependent 

endothelial dysfunction, are related to an adverse prognosis in cardiovascular diseases. Pelet et al. 

demonstrated that rosuvastatin decreases the expression of caveolin-1 (an eNOS inhibitor) and 

promotes improved eNOS function in dyslipidemic mice knockouts for apo E, with improvement in 

HR and MAP variability in these animals.(115) We demonstrated a dysfunction of the baroreceptor 

system in animals with AMI and AMI+C. Further studies will need to be done to identify whether the 

improvement in baroreflex sensitivity in animals treated with apolipoprotein AI is due to an increase 

in eNOS expression. In addition, this improvement may also be due to increased serum HDL levels 

and decreased serum LDL levels. 

The mortality of patients with cardiovascular disease associated with acute kidney injury 

affects a large part of the population.(8) 

In our study, there was normalization of renal function (measured by creatinine clearance) 

with treatment with apolipoprotein AI. 

Therefore, treatment with Apo AI 4F, leads to anti-inflammatory effects, improves heart and 

kidney function. We also demonstrated that, in this infarction model, there is a dysfunction of the 

baroreflex response. The treatment, associated with an increase in HDL levels, probably led to a 

protection of the endothelium. This endothelial protection can be interpreted by the best expression 

of eNOS. 

 

CONCLUSION 

Our results demonstrate that the use of contrast in hypercholesterolemic animals with AMI 

greatly contributes to the worsening of cardiac and renal dysfunction. 

And based on the results, we can affirm that 4F, through an HDL-dependent pathway, 

currently used as a therapeutic strategy in the treatment of cardiovascular diseases, is capable of 

reversing the changes in the cardiac and renal function of infarcted animals. Thus, we conclude that 

4F plays an important role in protection, with beneficial effects on the maintenance of endothelial 

integrity, improvement of myocardial contractile function and renal system. Therefore, finding the 

most effective way to treat 4F in cardiovascular and renal diseases represents an important step for 

the future of research in the treatment of cardiorenal syndrome. 

 

  



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

REFERENCES 

 

1. PAHO/WHO. (2016). Disponível em: <http://www.paho.org/hq/> 

 

2. Mozaffarian, D., Benjamin, E. J., Go, A. S., Arnett, D. K., Blaha, M. J., Cushman, M., et al. (2016). 

Executive Summary: Heart Disease and Stroke Statistics--2016 Update: A Report From the 

American Heart Association. Circulation, 133(4), 447-454. 

 

3. Sood, V., & Chakravarti, R. N. (1976). Systemic stress in the production of cardiac thrombosis in 

hypercholesterolaemic rats. Res Exp Med (Berl), 167(1), 31-45. 

 

4. Ma, X., & Feng, Y. (2016). Hypercholesterolemia Tunes Hematopoietic Stem/Progenitor Cells for 

Inflammation and Atherosclerosis. Int J Mol Sci, 17(7). 

 

5. Stokes, K. Y., Calahan, L., Hamric, C. M., Russell, J. M., & Granger, D. N. (2009). CD40/CD40L 

contributes to hypercholesterolemia-induced microvascular inflammation. Am J Physiol Heart 

Circ Physiol, 296(3), H689-H697. 

 

6. Lou-Bonafonte, J. M., Arnal, C., Navarro, M. A., & Osada, J. (2012). Efficacy of bioactive 

compounds from extra virgin olive oil to modulate atherosclerosis development. Mol Nutr Food 

Res, 56(7), 1043-1057. 

 

7. Sherman, C. B., Peterson, S. J., & Frishman, W. H. (2010). Apolipoprotein A-I mimetic peptides: a 

potential new therapy for the prevention of atherosclerosis. Cardiol Rev, 18(3), 141-147. 

 

8. Vaziri, N. D., Bai, Y., Yuan, J., Said, H. L., Sigala, W., & Ni, Z. (2010). ApoA-1 mimetic peptide 

reverses uremia-induced upregulation of pro-atherogenic pathways in the aorta. Am J Nephrol, 

32(3), 201-211. 

 

9. Maczewski, M., & Maczewska, J. (2006). Hypercholesterolemia exacerbates ventricular remodeling 

in the rat model of myocardial infarction. J Card Fail, 12(5), 399-405. 

 

10. Maczewski, M., Maczewska, J., & Duda, M. (2008). Hypercholesterolaemia exacerbates 

ventricular remodelling after myocardial infarction in the rat: role of angiotensin II type 1 

receptors. Br J Pharmacol, 154(8), 1640-1648. 

 

11. Weissberg, P. L. (2000). Atherogenesis: current understanding of the causes of atheroma. Heart, 

83(2), 247-252. 

 

12. Wu, N., Zhang, X., Jia, P., & Jia, D. (2015). Hypercholesterolemia aggravates myocardial ischemia 

reperfusion injury via activating endoplasmic reticulum stress-mediated apoptosis. Exp Mol 

Pathol, 99(3), 449-454. 

 

13. Lu, S., Du, P., Shan, C., Wang, Y., Ma, C., & Dong, J. (2016). Haploinsufficiency of Hand1 

improves mice survival after acute myocardial infarction through preventing cardiac rupture. 

Biochem Biophys Res Commun. 

 

14. Chae, C. U., Albert, C. M., Moorthy, M. V., Lee, I. M., & Buring, J. E. (2012). Vitamin E 

supplementation and the risk of heart failure in women. Circ Heart Fail, 5(2), 176-182. 

 

15. Rodrigues, B., Mostarda, C. T., Jorge, L., Barboza, C. A., Grans, C. F., De Angelis, K., et al. 

(2013). Impact of myocardial infarction on cardiac autonomic function in diabetic rats. J 

Diabetes Complications, 27(1), 16-22. 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

 

16. Rabald, S., Hagendorff, A., Pfeiffer, D., Zimmer, H. G., & Deten, A. (2007). Contrast enhanced 

echocardiographic follow-up of cardiac remodeling and function after myocardial infarction in 

rats. Ultrasound Med Biol, 33(10), 1561-1571. 

 

17. Morgan, E. E., Faulx, M. D., McElfresh, T. A., Kung, T. A., Zawaneh, M. S., Stanley, W. C., et al. 

(2004). Validation of echocardiographic methods for assessing left ventricular dysfunction in 

rats with myocardial infarction. Am J Physiol Heart Circ Physiol, 287(5), H2049-H2053. 

 

18. Sjaastad, I., Sejersted, O. M., Ilebekk, A., & Bjornerheim, R. (2000). Echocardiographic criteria 

for detection of postinfarction congestive heart failure in rats. J Appl Physiol (1985), 89(4), 1445-

1454. 

 

19. Frobert, A., Valentin, J., Magnin, J. L., Riedo, E., Cook, S., & Giraud, M. N. (2015). Prognostic 

Value of Troponin I for Infarct Size to Improve Preclinical Myocardial Infarction Small Animal 

Models. Front Physiol, 6, 353. 

 

20. Gu, S. S., Shi, N., & Wu, M. P. (2007). The protective effect of ApolipoproteinA-I on myocardial 

ischemia-reperfusion injury in rats. Life Sci, 81(9), 702-709. 

 

21. Rodrigues, F., Feriani, D. J., Barboza, C. A., Abssamra, M. E., Rocha, L. Y., Carrozi, N. M., et al. 

(2014). Cardioprotection afforded by exercise training prior to myocardial infarction is 

associated with autonomic function improvement. BMC Cardiovasc Disord, 14, 84. 

 

22. Penumathsa, S. V., Thirunavukkarasu, M., Koneru, S., Juhasz, B., Zhan, L., Pant, R., et al. (2007). 

Statin and resveratrol in combination induces cardioprotection against myocardial infarction in 

hypercholesterolemic rat. J Mol Cell Cardiol, 42(3), 508-516. 

 

23. Yang, J., Guo, X., Ding, J. W., Li, S., Yang, R., Fan, Z. X., et al. (2015). RP105 Protects Against 

Apoptosis in Ischemia/Reperfusion-Induced Myocardial Damage in Rats by Suppressing TLR4-

Mediated Signaling Pathways. Cell Physiol Biochem, 36(6), 2137-2148. 

 

24. Aspelin, P., Aubry, P., Fransson, S. G., Strasser, R., Willenbrock, R., Berg, K. J., et al. (2003). 

Nephrotoxic effects in high-risk patients undergoing angiography. N Engl J Med, 348(6), 491-

499. 

 

25. Bakris, G. L., Lass, N., Gaber, A. O., Jones, J. D., & Burnett, J. C. (1990). Radiocontrast medium-

induced declines in renal function: a role for oxygen free radicals. Am J Physiol, 258(1 Pt 2), 

F115-F120. 

 

26. Barrett, B. J. (1994). Contrast nephrotoxicity. J Am Soc Nephrol, 5(2), 125-137. 

 

27. Andrade, L., Campos, S. B., & Seguro, A. C. (1998). Hypercholesterolemia aggravates 

radiocontrast nephrotoxicity: protective role of L-arginine. Kidney Int, 53(6), 1736-1742. 

 

28. Campos, S. B., Ori, M., Dórea, E. L., & Seguro, A. C. (1999). Protective effect of L-arginine on 

hypercholesterolemia-enhanced renal ischemic injury. Atherosclerosis, 143(2), 327-334. 

 

29. Bird, J. E., Giancarli, M. R., Megill, J. R., & Durham, S. K. (1996). Effects of endothelin in 

radiocontrast-induced nephropathy in rats are mediated through endothelin-A receptors. J Am 

Soc Nephrol, 7(8), 1153-1157. 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

30. He, X., Li, L., Tan, H., Chen, J., & Zhou, Y. (2016). Atorvastatin attenuates contrast-induced 

nephropathy by modulating inflammatory responses through the regulation of JNK/p38/Hsp27 

expression. J Pharmacol Sci, 131(1), 18-27. 

 

31. Gleeson, T. G., & Bulugahapitiya, S. (2004). Contrast-induced nephropathy. AJR Am J 

Roentgenol, 183(6), 1673-1689. 

 

32. Taliercio, C. P., Vlietstra, R. E., Fisher, L. D., & Burnett, J. C. (1986). Risks for renal dysfunction 

with cardiac angiography. Ann Intern Med, 104(4), 501-504. 

 

33. Calzavacca, P., Ishikawa, K., Bailey, M., May, C. N., & Bellomo, R. (2014). Systemic and renal 

hemodynamic effects of intra-arterial radiocontrast. Intensive Care Med Exp, 2(1), 32. 

 

34. Gibson, C. M., Pinto, D. S., Murphy, S. A., Morrow, D. A., Hobbach, H. P., Wiviott, S. D., et al. 

(2003). Association of creatinine and creatinine clearance on presentation in acute myocardial 

infarction with subsequent mortality. J Am Coll Cardiol, 42(9), 1535-1543. 

 

35. Wodzig, K. W., Kragten, J. A., Hermens, W. T., Glatz, J. F., & van Dieijen-Visser, M. P. (1997). 

Estimation of myocardial infarct size from plasma myoglobin or fatty acid-binding protein. 

Influence of renal function. Eur J Clin Chem Clin Biochem, 35(3), 191-198. 

 

36. Cruz, D. N., Goh, C. Y., Palazzuoli, A., Slavin, L., Calabrò, A., Ronco, C., et al. (2011). Laboratory 

parameters of cardiac and kidney dysfunction in cardio-renal syndromes. Heart Fail Rev, 16(6), 

545-551. 

 

37. Chevalier, R. L. (2016). The proximal tubule is the primary target of injury and progression of 

kidney disease: role of the glomerulotubular junction. Am J Physiol Renal Physiol, 311(1), F145-

F161. 

 

38. Gandhi, S., Mosleh, W., Abdel-Qadir, H., & Farkouh, M. E. (2014). Statins and contrast-induced 

acute kidney injury with coronary angiography. Am J Med, 127(10), 987-1000. 

 

39. Ledvényiová-Farkašová, V., Bernátová, I., Balis, P., Puzserova, A., Barteková, M., Gablovsky, I., 

et al. (2015). Effect of crowding stress on tolerance to ischemia-reperfusion injury in young male 

and female hypertensive rats: molecular mechanisms. Can J Physiol Pharmacol, 93(9), 793-802. 

 

40. Nishizawa, M., Kumagai, H., Ichikawa, M., Oshima, N., Suzuki, H., & Saruta, T. (1997). 

Improvement in baroreflex function by an oral angiotensin receptor antagonist in rats with 

myocardial infarction. Hypertension, 29(1 Pt 2), 458-463. 

 

41. Heringer-Walther, S., Batista, E. N., Walther, T., Khosla, M. C., Santos, R. A., & Campagnole-

Santos, M. J. (2001). Baroreflex improvement in SHR after ACE inhibition involves angiotensin-

(1-7). Hypertension, 37(5), 1309-1314. 

 

42. Fan, W., Reynolds, P. J., & Andresen, M. C. (1996). Baroreflex frequency-response characteristics 

to aortic depressor and carotid sinus nerve stimulation in rats. Am J Physiol, 271(6 Pt 2), H2218-

H2227. 

 

43. Tao, X., Zhang, S. H., Chu, Z. X., & Su, D. F. (2003). Apoptosis is involved in the cardiac damage 

induced by sinoaortic denervation in rats. Clin Exp Pharmacol Physiol, 30(5-6), 362-368. 

 

44. Stein, R. D., Backman, S. B., Collier, B., & Polosa, C. (1997). Bradycardia produced by 

pyridostigmine and physostigmine. Can J Anaesth, 44(12), 1286-1292. 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

 

45. Rosenson, R. S., Brewer, H. B., Ansell, B. J., Barter, P., Chapman, M. J., Heinecke, J. W., et al. 

(2016). Dysfunctional HDL and atherosclerotic cardiovascular disease. Nat Rev Cardiol, 13(1), 

48-60. 

 

46. Van Lenten, B. J., Hama, S. Y., de Beer, F. C., Stafforini, D. M., McIntyre, T. M., Prescott, S. M., 

et al. (1995). Anti-inflammatory HDL becomes pro-inflammatory during the acute phase 

response. Loss of protective effect of HDL against LDL oxidation in aortic wall cell cocultures. 

J Clin Invest, 96(6), 2758-2767. 

 

47. Chapman, M. J., Assmann, G., Fruchart, J. C., Shepherd, J., Sirtori, C., & HDL-C ECPo. (2004). 

Raising high-density lipoprotein cholesterol with reduction of cardiovascular risk: the role of 

nicotinic acid--a position paper developed by the European Consensus Panel on HDL-C. Curr 

Med Res Opin, 20(8), 1253-1268. 

 

48. Assmann, G., & Nofer, J. R. (2003). Atheroprotective effects of high-density lipoproteins. Annu 

Rev Med, 54, 321-341. 

 

49. Brown, M. S., & Goldstein, J. L. (1984). How LDL receptors influence cholesterol and 

atherosclerosis. Sci Am, 251(5), 58-66. 

 

50. Arora, S., Patra, S. K., & Saini, R. (2016). HDL-A molecule with a multi-faceted role in coronary 

artery disease. Clin Chim Acta, 452, 66-81. 

 

51. Shih, A. Y., Sligar, S. G., & Schulten, K. (2009). Maturation of high-density lipoproteins. J R Soc 

Interface, 6(39), 863-871. 

 

52. Datta, G., Chaddha, M., Hama, S., Navab, M., Fogelman, A. M., Garber, D. W., et al. (2001). 

Effects of increasing hydrophobicity on the physical-chemical and biological properties of a 

class A amphipathic helical peptide. J Lipid Res, 42(7), 1096-1104. 

 

53. Nagao, K., Hata, M., Tanaka, K., Takechi, Y., Nguyen, D., Dhanasekaran, P., et al. (2014). The 

roles of C-terminal helices of human apolipoprotein A-I in formation of high-density lipoprotein 

particles. Biochim Biophys Acta, 1841(1), 80-87. 

 

54. Vedhachalam, C., Chetty, P. S., Nickel, M., Dhanasekaran, P., Lund-Katz, S., Rothblat, G. H., et 

al. (2010). Influence of apolipoprotein (Apo) A-I structure on nascent high density lipoprotein 

(HDL) particle size distribution. J Biol Chem, 285(42), 31965-31973. 

 

55. Navab, M., Anantharamaiah, G. M., Reddy, S. T., Hama, S., Hough, G., Grijalva, V. R., et al. 

(2005). Apolipoprotein A-I mimetic peptides. Arterioscler Thromb Vasc Biol, 25(7), 1325-1331. 

 

56. Van Lenten, B. J., Wagner, A. C., Jung, C. L., Ruchala, P., Waring, A. J., Lehrer, R. I., et al. (2008). 

Anti-inflammatory apoA-I-mimetic peptides bind oxidized lipids with much higher affinity than 

human apoA-I. J Lipid Res, 49(11), 2302-2311. 

 

57. Epand, R. M., Epand, R. F., Sayer, B. G., Datta, G., Chaddha, M., & Anantharamaiah, G. M. 

(2004). Two homologous apolipoprotein AI mimetic peptides. Relationship between membrane 

interactions and biological activity. J Biol Chem, 279(49), 51404-51414. 

 

58. Walter, M. (2009). Interrelationships among HDL metabolism, aging, and atherosclerosis. 

Arterioscler Thromb Vasc Biol, 29(9), 1244-1250. 

 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

59. Navab, M., Anantharamaiah, G. M., Hama, S., Garber, D. W., Chaddha, M., Hough, G., et al. 

(2002). Oral administration of an Apo A-I mimetic Peptide synthesized from D-amino acids 

dramatically reduces atherosclerosis in mice independent of plasma cholesterol. Circulation, 

105(3), 290-292. 

 

60. Nandedkar, S. D., Weihrauch, D., Xu, H., Shi, Y., Feroah, T., Hutchins, W., et al. (2011). D-4F, 

an apoA-1 mimetic, decreases airway hyperresponsiveness, inflammation, and oxidative stress 

in a murine model of asthma. J Lipid Res, 52(3), 499-508. 

 

61. Rosenbaum, M. A., Chaudhuri, P., Abelson, B., Cross, B. N., & Graham, L. M. (2015). 

Apolipoprotein A-I mimetic peptide reverses impaired arterial healing after injury by reducing 

oxidative stress. Atherosclerosis, 241(2), 709-715. 

 

62. Garber, D. W., Datta, G., Chaddha, M., Palgunachari, M. N., Hama, S. Y., Navab, M., et al. (2001). 

A new synthetic class A amphipathic peptide analogue protects mice from diet-induced 

atherosclerosis. J Lipid Res, 42(4), 545-552. 

 

63. Li, X., Chyu, K. Y., Faria Neto, J. R., Yano, J., Nathwani, N., Ferreira, C., et al. (2004). Differential 

effects of apolipoprotein A-I-mimetic peptide on evolving and established atherosclerosis in 

apolipoprotein E-null mice. Circulation, 110(12), 1701-1705. 

 

64. Navab, M., Anantharamaiah, G. M., Reddy, S. T., & Fogelman, A. M. (2006). Apolipoprotein A-

I mimetic peptides and their role in atherosclerosis prevention. Nat Clin Pract Cardiovasc Med, 

3(10), 540-547. 

 

65. Navab, M., Anantharamaiah, G. M., & Fogelman, A. M. (2008). The effect of apolipoprotein 

mimetic peptides in inflammatory disorders other than atherosclerosis. Trends Cardiovasc Med, 

18(2), 61-66. 

 

66. Navab, M., Anantharamaiah, G. M., Reddy, S. T., Van Lenten, B. J., Buga, G. M., & Fogelman, 

A. M. (2007). Peptide Mimetics of Apolipoproteins Improve HDL Function. J Clin Lipidol, 1(2), 

142-147. 

 

67. Han, J., Zhang, S., Ye, P., Liu, Y. X., Qin, Y. W., & Miao, D. M. (2016). Apolipoprotein A-I 

Mimetic Peptide D-4F Reduces Cardiac Hypertrophy and Improves Apolipoprotein A-I-

Mediated Reverse Cholesterol Transport From Cardiac Tissue in LDL Receptor-null Mice Fed 

a Western Diet. J Cardiovasc Pharmacol, 67(5), 412-417. 

 

68. Osei-Hwedieh, D. O., Amar, M., Sviridov, D., & Remaley, A. T. (2011). Apolipoprotein mimetic 

peptides: Mechanisms of action as anti-atherogenic agents. Pharmacol Ther, 130(1), 83-91. 

 

69. Wu, A., Hinds, C. J., & Thiemermann, C. (2004). High-density lipoproteins in sepsis and septic 

shock: metabolism, actions, and therapeutic applications. Shock, 21(3), 210-221. 

 

70. Anuar, F., Whiteman, M., Bhatia, M., & Moore, P. K. (2006). Flurbiprofen and its nitric oxide-

releasing derivative protect against septic shock in rats. Inflamm Res, 55(11), 498-503. 

 

71. Dai, L., Datta, G., Zhang, Z., Gupta, H., Patel, R., Honavar, J., et al. (2010). The apolipoprotein A-

I mimetic peptide 4F prevents defects in vascular function in endotoxemic rats. J Lipid Res, 

51(9), 2695-2705. 

 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

72. Moreira, R. S., Irigoyen, M., Sanches, T. R., Volpini, R. A., Camara, N. O., Malheiros, D. M., et 

al. (2014). Apolipoprotein A-I mimetic peptide 4F attenuates kidney injury, heart injury, and 

endothelial dysfunction in sepsis. Am J Physiol Regul Integr Comp Physiol, 307(5), R514-R524. 

 

73. Bloedon, L. T., Dunbar, R., Duffy, D., Pinell-Salles, P., Norris, R., DeGroot, B. J., et al. (2008). 

Safety, pharmacokinetics, and pharmacodynamics of oral apoA-I mimetic peptide D-4F in high-

risk cardiovascular patients. J Lipid Res, 49(6), 1344-1352. 

 

74. Pal, M., & Pillarisetti, S. (2007). HDL elevators and mimetics--emerging therapies for 

atherosclerosis. Cardiovasc Hematol Agents Med Chem, 5(1), 55-66. 

 

75. Smythies, L. E., White, C. R., Maheshwari, A., Palgunachari, M. N., Anantharamaiah, G. M., 

Chaddha, M., et al. (2010). Apolipoprotein A-I mimetic 4F alters the function of human 

monocyte-derived macrophages. Am J Physiol Cell Physiol, 298(6), C1538-C1548. 

 

76. Nissen, S. E., Tsunoda, T., Tuzcu, E. M., Schoenhagen, P., Cooper, C. J., Yasin, M., et al. (2003). 

Effect of recombinant ApoA-I Milano on coronary atherosclerosis in patients with acute 

coronary syndromes: a randomized controlled trial. JAMA, 290(17), 2292-2300. 

 

77. Tricoci, P., D'Andrea, D. M., Gurbel, P. A., Yao, Z., Cuchel, M., Winston, B., et al. (2015). Infusion 

of Reconstituted High-Density Lipoprotein, CSL112, in Patients With Atherosclerosis: Safety 

and Pharmacokinetic Results From a Phase 2a Randomized Clinical Trial. J Am Heart Assoc, 

4(8), e002171. 

 

78. Gilham, D., Wasiak, S., Tsujikawa, L. M., Halliday, C., Norek, K., Patel, R. G., et al. (2016). 

Corrigendum to "RVX-208, a BET-inhibitor for treating atherosclerotic cardiovascular disease, 

raises ApoA-I/HDL and represses pathways that contribute to cardiovascular disease" 

[Atherosclerosis 247 (2016) 48-57]. Atherosclerosis, 247, 48-57. 

 

79. Graziani, G., Degnoni, V., Oldani, S., Buskermolen, M., & Brambilla, G. ([Pathophysiology and 

prevention of contrast-induced acute renal failure]. G Ital Nefrol, 24 Suppl 38, 20-24. 

 

80. Onozato, M. L., Tojo, A., Goto, A., & Fujita, T. (2004). Radical scavenging effect of gliclazide in 

diabetic rats fed with a high cholesterol diet. Kidney Int, 65(3), 951-960. 

 

81. Pfeffer, M. A., Pfeffer, J. M., Fishbein, M. C., Fletcher, P. J., Spadaro, J., & Kloner, R. A., et al. 

(1979). Myocardial infarct size and ventricular function in rats. Circ Res, 44(4), 503-512. 

 

82. Van Liew, J. B., Zamlauski-Tucker, M. J., & Feld, L. G. (1993). Endogenous creatinine clearance 

in the rat: strain variation. Life Sci, 53(12), 1015-1021. 

 

83. Wang, M., Yip, G. W., Wang, A. Y., Zhang, Y., Ho, P. Y., Tse, M. K., et al. (2005). Tissue Doppler 

imaging provides incremental prognostic value in patients with systemic hypertension and left 

ventricular hypertrophy. J Hypertens, 23(1), 183-191. 

 

84. Malfitano, C., de Souza Junior, A. L., Carbonaro, M., Bolsoni-Lopes, A., Figueroa, D., de Souza, 

L. E., et al. (2015). Glucose and fatty acid metabolism in infarcted heart from streptozotocin-

induced diabetic rats after 2 weeks of tissue remodeling. Cardiovasc Diabetol, 14, 149. 

 

85. Wichi, R., Malfitano, C., Rosa, K., De Souza, S. B., Salemi, V., Mostarda, C., et al. (2007). 

Noninvasive and invasive evaluation of cardiac dysfunction in experimental diabetes in rodents. 

Cardiovasc Diabetol, 6, 14. 

 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

86. Liu, Q., Zhang, J., Xu, Y., Huang, Y., & Wu, C. (2013). Effect of carvedilol on cardiomyocyte 

apoptosis in a rat model of myocardial infarction: a role for toll-like receptor 4. Indian J 

Pharmacol, 45(5), 458-463. 

 

87. Wei, L., Wu, R. B., Yang, C. M., Zheng, S. Y., & Yu, X. Y. (2011). Cardioprotective effect of a 

hemoglobin-based oxygen carrier on cold ischemia/reperfusion injury. Cardiology, 120(2), 73-

83. 

 

88. Berges, A., Van Nassauw, L., Timmermans, J. P., & Vrints, C. (2007). Time-dependent expression 

pattern of nitric oxide and superoxide after myocardial infarction in rats. Pharmacol Res, 55(1), 

72-79. 

 

89. Takata, K., Imaizumi, S., Kawachi, E., Yahiro, E., Suematsu, Y., Shimizu, T., et al. (2016). The 

ApoA-I mimetic peptide FAMP promotes recovery from hindlimb ischemia through a nitric 

oxide (NO)-related pathway. Int J Cardiol, 207, 317-325. 

 

90. Wu, L., Maimaitirexiati, X., Jiang, Y., & Liu, L. (2016). Parkin Regulates Mitochondrial 

Autophagy After Myocardial Infarction in Rats. Med Sci Monit, 22, 1553-1559. 

 

91. Shi, J., Dai, W., Hale, S. L., Brown, D. A., Wang, M., Han, X., et al. (2015). Bendavia restores 

mitochondrial energy metabolism gene expression and suppresses cardiac fibrosis in the border 

zone of the infarcted heart. Life Sci, 141, 170-178. 

 

92. Wang, J. X., Jiao, J. Q., Li, Q., Long, B., Wang, K., Liu, J. P., et al. (2011). miR-499 regulates 

mitochondrial dynamics by targeting calcineurin and dynamin-related protein-1. Nat Med, 17(1), 

71-78. 

 

93. McBride, H. M., Neuspiel, M., & Wasiak, S. (2006). Mitochondria: more than just a powerhouse. 

Curr Biol, 16(14), R551-R560. 

 

94. Kuznetsov, A. V., Javadov, S., Sickinger, S., Frotschnig, S., & Grimm, M. (2015). H9c2 and HL-

1 cells demonstrate distinct features of energy metabolism, mitochondrial function and 

sensitivity to hypoxia-reoxygenation. Biochim Biophys Acta, 1853(2), 276-284. 

 

95. Suematsu, Y., Miura, S., Takata, K., Shimizu, T., Kuwano, T., Imaizumi, S., et al. (2016). A novel 

inducible cholesterol efflux peptide, FAMP, protects against myocardial ischemia reperfusion 

injury through a nitric oxide pathway. Int J Cardiol, 202, 810-816. 

 

96. Hao, X., Månsson-Broberg, A., Grinnemo, K. H., Siddiqui, A. J., Dellgren, G., Brodin, L. A., et 

al. (2007). Myocardial angiogenesis after plasmid or adenoviral VEGF-A(165) gene transfer in 

rat myocardial infarction model. Cardiovasc Res, 73(3), 481-487. 

 

97. Kanashiro-Takeuchi, R. M., Takeuchi, L. M., Rick, F. G., Dulce, R., Treuer, A. V., Florea, V., et 

al. (2012). Activation of growth hormone releasing hormone (GHRH) receptor stimulates 

cardiac reverse remodeling after myocardial infarction (MI). Proc Natl Acad Sci U S A, 109(2), 

559-563. 

 

98. Wang, G., Hamid, T., Keith, R. J., Zhou, G., Partridge, C. R., Xiang, X., et al. (2010). 

Cardioprotective and antiapoptotic effects of heme oxygenase-1 in the failing heart. Circulation, 

121(17), 1912-1925. 

 

99. Ou, J., Wang, J., Xu, H., Ou, Z., Sorci-Thomas, M. G., Jones, D. W., et al. (2005). Effects of D-4F 

on vasodilation and vessel wall thickness in hypercholesterolemic LDL receptor-null and LDL 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

receptor/apolipoprotein A-I double-knockout mice on Western diet. Circ Res, 97(11), 1190-

1197. 

 

100. Buga, G. M., Frank, J. S., Mottino, G. A., Hakhamian, A., Narasimha, A., Watson, A. D., et al. 

(2008). D-4F reduces EO6 immunoreactivity, SREBP-1c mRNA levels, and renal inflammation 

in LDL receptor-null mice fed a Western diet. J Lipid Res, 49(1), 192-205. 

 

101. Leman, L. J., Maryanoff, B. E., & Ghadiri, M. R. (2014). Molecules that mimic apolipoprotein 

A-I: potential agents for treating atherosclerosis. J Med Chem, 57(6), 2169-2196. 

 

102. Gui, D., Huang, J., Liu, W., Guo, Y., Xiao, W., & Wang, N. (2013). Astragaloside IV prevents 

acute kidney injury in two rodent models by inhibiting oxidative stress and apoptosis pathways. 

Apoptosis, 18(4), 409-422. 

 

103. Xu, Z., Prathapasinghe, G., Wu, N., Hwang, S. Y., Siow, Y. L., & O, K. (2009). Ischemia-

reperfusion reduces cystathionine-beta-synthase-mediated hydrogen sulfide generation in the 

kidney. American Journal of Physiology-Renal Physiology, 297(1), F27-F35. 

 

104. Qi, S., & Wu, D. (2013). Bone marrow-derived mesenchymal stem cells protect against cisplatin-

induced acute kidney injury in rats by inhibiting cell apoptosis. International Journal of 

Molecular Medicine, 32(6), 1262-1272. 

 

105. O'Toole, J. F., Patel, H. V., Naples, C. J., Fujioka, H., & Hoppel, C. L. (2010). Decreased 

cytochrome c mediates an age-related decline of oxidative phosphorylation in rat kidney 

mitochondria. Biochemical Journal, 427(1), 105-112. 

 

106. Szeto, H. H., Liu, S., Soong, Y., Wu, D., Darrah, S. F., Cheng, F. Y., ... & Mitochondria-targeted 

peptide accelerates ATP recovery and reduces ischemic kidney injury. Journal of the American 

Society of Nephrology, 22(6), 1041-1052. 

 

107. Mostarda, C., Moraes-Silva, I. C., Moreira, E. D., Medeiros, A., Piratello, A. C., Consolim-

Colombo, F. M., ... & Baroreflex sensitivity impairment is associated with cardiac diastolic 

dysfunction in rats. Journal of Cardiac Failure, 17(6), 519-525. 

 

108. Navab, M., Anantharamaiah, G. M., Reddy, S. T., Van Lenten, B. J., Hough, G., Wagner, A., ... 

& Human apolipoprotein AI mimetic peptides for the treatment of atherosclerosis. Current 

Opinion in Investigational Drugs, 4(9), 1100-1104. 

 

109. Van Lenten, B. J., Wagner, A. C., Anantharamaiah, G. M., Garber, D. W., Fishbein, M. C., 

Adhikary, L., ... & Influenza infection promotes macrophage traffic into arteries of mice that is 

prevented by D-4F, an apolipoprotein A-I mimetic peptide. Circulation, 106(9), 1127-1132. 

 

110. Semba, R. D., Cappola, A. R., Sun, K., Bandinelli, S., Dalal, M., Crasto, C., ... & Plasma klotho 

and cardiovascular disease in adults. Journal of the American Geriatrics Society, 59(9), 1596-

1601. 

 

111. Kanda, E., Ai, M., Okazaki, M., Yoshida, M., & Maeda, Y. (2016). Association of High-Density 

Lipoprotein Subclasses with Chronic Kidney Disease Progression, Atherosclerosis, and Klotho. 

PLoS One, 11(11), e0166459. 

 

112. Chapleau, M. W., Cunningham, J. T., Sullivan, M. J., Wachtel, R. E., & Abboud, F. M. (1995). 

Structural versus functional modulation of the arterial baroreflex. Hypertension, 26(2), 341-347. 

 



 

  
Medicine: an exploration of the anatomy of the human body 

Protective effect of apolipoprotein AI mimetic peptide 4F on renal and cardiac injury and endothelial dysfunction induced by acute 

myocardial infarction in hypercholesterolemic rats receiving iodinated contrast 

113. Feron, O., Dessy, C., Moniotte, S., Desager, J. P., & Balligand, J. L. (1999). Hypercholesterolemia 

decreases nitric oxide production by promoting the interaction of caveolin and endothelial nitric 

oxide synthase. Journal of Clinical Investigation, 103(6), 897-905. 

 

114. Liao, J. K., Shin, W. S., Lee, W. Y., & Clark, S. L. (1995). Oxidized low-density lipoprotein 

decreases the expression of endothelial nitric oxide synthase. Journal of Biological Chemistry, 

270(1), 319-324. 

 

115. Pelat, M., Dessy, C., Massion, P., Desager, J. P., Feron, O., & Balligand, J. L. (2003). 

Rosuvastatin decreases caveolin-1 and improves nitric oxide-dependent heart rate and blood 

pressure variability in apolipoprotein E-/- mice in vivo. Circulation, 107(19), 2480-2486. 


