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Abstract  

Curcumin (Cur) has been suggested as a complementary treatment for cardiovascular diseases. 

Its efficiency, however, is modest due to poor biocompatibility. This study examined the effects 

of curcumin loaded on polyethylene glycol-graphene quantum dots (Cur-PEG-GQDs) on 

hemodynamic and cardiac function in rats with myocardial infarction (MI). The study groups 

included control, MI, MI+Cur-3, MI+Cur-7, MI+Cur-15, MI+PEG-GQDs-5, MI+PEG-GQDs-

10, MI+Cur-PEG-GQDs-5, MI+Cur-PEG-GQDs-10. MI was established by left anterior 

descending artery ligation. Two weeks following intraperitoneal administration of vehicle, Cur, 

PEG-GQDs, and Cur-PEG-GQDs, blood pressure and heart contractility indices were measured. 

Triphenyl tetrazolium chloride, colorimetry, and clinical laboratory methods were used to 

measure the infarct size, the oxidant and antioxidant content, and the kidney and liver function 

parameters, respectively. In the MI animals, Cur-7, PEG-GQDs-10, Cur-PEG-GQDs-5, and Cur-

PEG-GQDs-10 recovered SBP, DBP, LVSP, and ± dp/dt max disturbances and reduced 

myocardial infarct size, fibrosis, and LVEDP. Curcumin lowered antioxidant markers and 
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elevated one oxidant marker in the heart in a dose-dependent manner. Although Cur-PEG-

GQDs-5 and -10 reduced curcumin's oxidative stress effects, the SOD, GPX, and TAC levels 

were significantly lower in Cur-PEG-GQDs-5 and -10 groups compared to the MI group. MDA 

levels were lower in Cur-PEG-GQDs-5 and -10  groups compared to the Cur-3, -7, and -15 

groups. GSH/GSSG ratio improved in the groups treated by Cur-7, PEG-GQDs-10, Cur-PEG-

GQDs-5, and Cur-PEG-GQDs-10. The findings indicated that Cur-PEG-GQDs mitigated MI-

induced cardiac dysfunction. However, due to the increase in oxidative stress in the heart, 

nonclassic mechanisms may be involved in the beneficial effect of Cur-PEG-GQDs on MI-

induced cardiac dysfunction.  

Keywords: myocardial infarction, oxidative stress, curcumin, curcumin-polyethylene glycol-

graphene quantum dot, nanoparticles 

Introduction 

Cardiovascular diseases (CVDs) are relatively common and are one of the leading causes of 

disability and mortality worldwide.1 The World Health Organization attributes (WHO) 32% of 

all-cause mortality to cardiovascular events. Among them, ischemic diseases, such as myocardial 

infarction (MI) and strokes, are responsible for 85% of deaths.2. It is vital that harmful 

consequences of MI, such as fibrosis, scarring, cardiac remodeling, and heart failure, be 

prevented with appropriate and timely interventions to protect intact and live cells.3 Using herbal 

agents as a complementary therapy is one of the best potential interventions.4,5 

Curcumin, the main component of Curcuma longa (turmeric), is used for medical purposes and 

as food flavoring.6 The curative effects of curcumin are mainly attributed to its antioxidant, anti-

inflammatory, and anti-apoptotic properties.7–9 The positive effects of curcumin on CVDs have 

been also reported.9,10 Curcumin inhibits left ventricular hypertrophy and heart failure induced 
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by hypertension and MI. Studies have revealed that curcumin has a protective and therapeutic 

impact on diabetic cardiomyopathy, arrhythmias, and ischemic reperfusion injuries.6,9,11 The 

protective effects of curcumin against MI are similar to enalapril. It also ameliorates 

atherosclerosis and vascular dysfunction.5 

Curcumin has positive pharmacological effects and is safe to use in clinical studies, but due to its 

low water solubility and rapid metabolism in the liver, it has poor distribution and 

bioavailability.12 However, new technologies may be able to eliminate this limitation. Due to 

their potential capacity to carry and deliver drugs to target tissues, nanomaterials may be able to 

solve problems with distribution and bioavailability.13,14 Nanographenes, biocompatible 

components with remarkable optical, thermal, and electrochemical properties, can be loaded with 

drugs.14,15 Among graphene derivatives, graphene quantum dots (GQDs), graphene sheets with 

1–2 layers, have outstanding physiological stability.16,17 They have potential implications in 

bioimaging and biomedicine as biosensors 18 and drug carriers.19 The beneficial effects of 

polyethylene glycol-graphene quantum dots (PEG-GQDs) on MI injuries through oxidative 

stress reduction have been demonstrated.20 Considering their physicochemical properties, small 

size, various functional groups (epoxy, hydroxyl, and carboxyl), and extensive surface, they are 

excellent candidates for drug loading and delivery to particular anatomical regions in the body.21 

It has been demonstrated that GQDs release loaded drugs in a controlled manner.22,23 

Oxidative stress causes ischemia-reperfusion injuries and cardiac dysfunction following MI. 24,25 

The apoptosis, necrosis, hypertrophy, and heart remodeling caused by MI have been explained 

by the excessive production of reactive oxygen species (ROS).26 It has been demonstrated that 

curcumin alters oxidant and antioxidant content.6,27,28 Curcumin protects the heart against 
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harmful conditions by augmenting superoxide dismutase (SOD) and catalase production and 

reducing ROS content.8,29 

Considering the rapid metabolism of curcumin, we assumed that loading it on PEG-GQDs could 

increase its bioavailability and tissue distribution. Some et al. reported that curcumin loaded on 

graphene nanoparticles, including graphene quantum dots, has better anticancer activity than free 

curcumin.30 The goal of the current study was to examine the effects of free curcumin and 

curcumin loaded on PEG-GQDs on MI-related complications and heart-related levels of 

malondialdehyde (MDA), SOD, glutathione peroxidase (GPX), total antioxidant capacity (TAC), 

and glutathione (GSH) to glutathione disulfide (GSSG) ratio in MI-prone rats. 

 

Material and methods  

Materials 

The Ethics Committee of Kerman University of Medical Sciences approved the experimental 

protocol (ethics code IR.KMU.REC.1399.099). Wistar rats were obtained from the Kerman 

University of Medical Science. The animals were kept in conventional conditions (12 hours of 

light and 12 hours of darkness) with free water and normal food access. MDA ( CAT No: ZB-

MDA96), SOD  (CAT No. ZB-SOD-96A), and GPX (CAT No：ZB-GPX-A96) assay kits were 

purchased from ZellBio GmbH (Germany).  GSH and GSSG (CAT: NS-15087) were obtained 

from Navandsalamat. Iran. TAC (Cat No. NX 2332) kit was obtained from Randox (UK). Serum 

alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), 

urea, and creatinine were tested using assay kits from Parsazemon, Iran. Triphenyl tetrazolium 

chloride (TTC) (CAT No: T8877) was acquired from Sigma, UK.  
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Methods 

The experimental groups (12 rats in each group) included sham as control (CTL), myocardial 

infarction (MI), MI+PEG-GQDs-5, MI+PEG-GQDs-10, MI+Cur-3, MI+Cur-7, MI+Cur-15, 

MI+Cur-PEG-GQDs-5, and MI+Cur-PEG-GQDs-10. Seven rats in each group were used to test 

the hemodynamic, cardiac function, heart contractility, and biochemical factors. The size of the 

infarcted area was measured in the five remaining animals. 

 

Synthesis and characterization of GQDs, PEG-GQDs, and Cur-PEG-GQDs 

To prepare GQDs, 1g citric acid was heated and stirred in an oil bath at 200 °C until it turned a 

yellowish-orange in color. The obtained product was treated with NaOH to adjust the pH to 7. 31 

The purification of the as-fabricated GQDs in distilled water was performed for 48 hours through 

a dialysis membrane (1 kDa). After purification, water was removed by freeze-drying, and 

finally, the GQDs were dissolved in ethanol (500 mg mL-1). 

PEG-GQDs was conducted using a 1-ethyl-3-(3-dimethylamino propyl)-carbodiimide (EDC) 

activator. EDC (50 mM) was added to 0.2 mg mL-1 of GQDs in a phosphate buffer (50 mM, pH 

5.5), stirred for an hour to obtain a homogenous solution, and stirred for three more hours after 

adding PEG (2000 N, Sigma). The prepared PEG-GQDs were purified by dialysis (3 kDa).32 

A noncovalent functionalization technique was used to attach curcumin to the PEG-GQDs. PEG-

GQDs (0.05 mg ml-1) were combined with 0.5 ml curcumin (2.5 mM in dimethyl sulfoxide 

(DMSO)) in 5 ml water. The mixture was blended at room temperature in a dark location for 24 

hours. The excessive curcumin was removed by centrifugation. The supernatant was dialyzed 

through a 1 kDa bag for 48 hours, and after freeze-drying to remove any leftover undissolved 



 

 
Copyright © 2023 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. 

free curcumin, the remaining Cur-PEG-GQDs were kept at 4 °C. The amount of loaded curcumin 

was evaluated by its absorbance at 422 nm wavelength (UV-Vis spectroscopy).33  

The characterization of GQDs, PEG-GQDs, and Cur-PEG-GQDs was performed by ultraviolet-

visible spectroscopy (UV-Vis), Fourier transforms infrared spectroscopy (FT-IR), transmission 

electron microscopy (TEM) images, and dynamic light scattering (DLS) methods. 

Curcumin release from Cur-PEG-GQDs 

Curcumin release from Cur-PEG-GQDs was evaluated in phosphate-buffered saline (PBS) at pH 

7.4.34 The Cur-PEG-GQDs were dialyzed in a dialysis sac (1 kDa cut off), and the released 

curcumin was measured in the medium at different time points using UV-Vis spectroscopy. All 

procedures were performed in triplicate at room temperature. 35  

Induction of myocardial infarction 

The left anterior descending (LAD) coronary artery was occluded for induction of MI, as 

described in a previous study.36 Animals were kept under mechanical ventilation during the 

procedures under anesthesia (ketamine/xylazine 80/10 mg kg-1). Following an incision in the 

fourth intercostal space on the left side, the pericardium was opened, and the LAD was ligated 

using a 6/0 silk suture 2 mm below its origin. After LAD ligation, the appearance of the at-risk 

area changed, and the ST segment in ECG elevated. In the sham group (CTL), all the steps 

mentioned above were performed except for the ligation of the LAD.  

 

Treatment with Cur, PEG-GQDs, and Cur-PEG-GQDs 

Curcumin was injected intraperitoneally (IP) at three doses of 3, 7, and 15 mg kg-1 every other 

day for two weeks. The 15 mg kg-1 curcumin dose was chosen according to a previous study.37 
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However, the lower doses (3 and 7 mg kg-1 ) were also used to determine ineffective doses. The 

previous study showed that PEG-GQDs have no curative effects at 5 mg kg-1 but are effective at 

10 mg kg-1 on MI. 20 Therefore, in this study, curcumin was loaded on PEG-GQDs at 5 mg kg-1 

(ineffective dose) and 10 mg kg-1 (effective dose) to produce Cur-PEG-GQDs. Each mg of PEG-

GQDs loads 0.003 mg of curcumin, so Cur-PEG-GQDs at the dose of 10 mg kg-1 has twice the 

concentration of Cur.  PEG-GQDs and Cur-PEG-GQDs were administered every other day for 

14 days, as was curcumin (Figure 1). As a vehicle of curcumin and Cur-PEG-GQDs, DMSO 

diluted in distilled water was injected in the CTL and MI groups. 

  

Recording of hemodynamic parameters 

Hemodynamic parameters were recorded under anesthesia induced with sodium thiopental (50 

mg kg-1). The systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) 

were recorded by a femoral artery catheter filled with heparin saline. Cardiac function and heart 

contractility indices, including left ventricular systolic pressure (LVSP), left ventricular end-

diastolic pressure (LVEDP), maximum rate of increase in left ventricular pressure during systole 

(+dp/dt max), and maximum rate of decrease in left ventricular pressure during diastole (-dp/dt 

max) were recorded by another catheter inserted into the left ventricle (LV).38 The cannulas were 

connected to pressure transducers and then linked to a PowerLab system (8-channel; 

ADInstruments, Australia). The animals were ventilated through a tracheal cannula if necessary. 

  

Preparation of heart tissue and serum 

After recording cardiac function indices and hemodynamic parameters, blood was collected 

under deep anesthesia and kept at room temperature for 2 hours. Then, the serum was separated 
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from the clotted blood and centrifuged at 4000 rpm for 15 minutes. The septum and left ventricle 

(LV) were carefully removed from the heart and frozen at -80 ℃. Biochemical variables were 

measured using heart tissue samples from the peri-infarcted region.  

 

Measurement of infarct area and fibrosis 

The hearts were kept at -20 °C for 1 to 2 hours. After that, 3-mm-thick slices were dyed for 20 

minutes at 37 °C with 1% TTC in PBS. Finally, the slices were immersed in 10% formaldehyde 

for 10 minutes. ImageJ software 27 was used to calculate the infarcted area (pale) ratio to the 

total LV area. For fibrosis assessment,  sections of the left ventricle were fixed in 10% buffered 

formalin (pH 7.4), embedded in paraffin, cut into 5-μm-thick sections, and stained with Masson's 

trichrome. A pathologist blind to the group belonged to examined the sections under a 

microscope. The percentage of fibrosis was calculated by Image j software.20 

 

Measurement of oxidative stress indices 

The SOD activity was determined using the directions of the related kit. In brief, cardiac tissue 

(100 mg) was homogenized in a solution of 100 mM PBS  and then centrifuged for 20 minutes at 

4°C at 4000–6000 rpm. SOD activity was measured using 50µl of the supernatant by colorimetric 

method. The absorbance density was measured at 420 nm. GPX activity was assessed with 100 

mg of heart tissue homogenized in 200 µl of the assay buffer. The homogenate was centrifuged 

for 15 minutes at 10000 x g at 4 °C. Then, the supernatant was separated to determine the activity 

of GPX. MDA was measured using the thiobarbituric acid reaction in 100 mg of homogenized 

tissue that had been lysed in a KCl (1.5%) solution and centrifuged at 1200 rpm (10 min). TAC 

levels were measured according to kit instructions. For measuring the levels of GSH, GSSG, and 
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their ratio, 50 mg heart tissue was homogenized in lysing buffer and then centrifuged at 9000 

rpm for 15 min. The supernatant was used to measure GSH and GSSG according to the 

instructions of the associated kit.  

 Assessment of treatment side effects on liver and kidney function 

 Side effects of curcumin and Cur-PEG-GQDs on the kidneys and liver were determined by 

measuring the serum levels of ALT, AST, ALK, creatinine, and urea via the photometric method 

(Selectra E, Japan).  

 

Statistical analysis 

The data in the table and figures is presented as mean ±  standard error of the mean (SEM). The 

Shapiro-Wilk test was used to evaluate the normal distribution of data. One-way analysis of 

variance (ANOVA) was used for comparisons among different groups, and in case of 

significance, pairwise comparisons were conducted by Tukey's post hoc test.  P values < 0.05 

were considered significant.  

 

Results 

Characterization of GQDs, GQDs, and  Cur-PEG-GQDs 

The GQDs, PEG -GQDs, and Cur-PEG -GQDs functional groups were investigated using FT-IR 

spectroscopy (Figure 2A). FT-IR studies confirmed the presence of various oxygen-containing 

groups on the as-obtained GQDs. These functional groups caused the hydrophilicity of the GQDs 

and stability in aqueous solutions. The stretching vibration peak of the O-H and C-H groups were 

exhibited at 3334 cm-1 and 2932 cm-1, respectively. The characteristic peaks at 1720 cm-1, 1616 
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cm-1, 1228 cm-1, and 1033 cm-1 correspond to the C=O, C=C, C-OH, and C-O-C, respectively. 

The attachment of the PEG onto GQDs was confirmed by FT-IR spectroscopy. As shown in the 

FT-IR spectrum of the PEG-GQDs, the characteristic peaks of PEG are exhibited at 2879 cm-1 

and 1105 cm-1 owing to the stretching vibrations of the C-H and C-O-C groups, respectively. For 

Cur-PEG -GQDs, bands observed at 3512 cm-1 (�(� − �)), 1626 cm-1 (�(� = �)), 1510 cm-1 

(�(� = �) 
�� (�(� = �)), 1430 cm-1 (�(� − �)), 1282 cm-1 (�(� − �)), and 1028 cm-1 

(�(� − � − �)) are attributed to curcumin. The UV-vis spectra of the GQDs, PEG-GQDs, Cur, 

and Cur-PEG -GQDs were recorded in DMSO solutions (Figure 2 B). A strong absorption around 

235 nm corresponds to the π - π∗ transitions. In the pure Cur UV-vis spectrum, a band associated 

with the π - π∗ shifts are detected at around 425 nm. The appearance of this peak confirms the 

preparation of the Cur-PEG-GQDs. Figures 2 C, D, and E exhibit the TEM images of the GQDs, 

PEG-GQDs, and Cur-PEG-GQDs, respectively, which show spherical morphology similar to the 

pristine GQDs. The GQDs, PEG-GQDs, and Cur-PEG -GQDs were relatively monodispersed 

with diameters around 15 nm, 5 nm, and 17 nm, respectively. DLS method was used to study the 

size distribution of the Cur-PEG -GQDs; the obtained results confirm narrow size distribution for 

the as-fabricated materials (Figure 2 F). The average diameter of Cur-GQD-PEG particles 

obtained from the DLS was around 14.7 nm. According to Figure 3G, curcumin release reaches 

60% five hours after injection.   

Collectively, the water-soluble and uniform-sized GQDs were successfully modified by the PEG 

and Cur, respectively. The unique photoluminescence and narrow size distributions of well-

fabricated PEG-GQDs and Cur-PEDG-GQDs nanocomposites are crucial for biological 

applications. The PEG is used to increase the hydrophilic properties of the surfaces and colloidal 

stability. 
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The effects of treatments on body weight, lung, heart, and left ventricular weight/body 

weight ratio, infarct size, and fibrosis  

Bodyweight, heart weight/body weight, and left ventricular weight/body weight ratio were 

not different among the studied groups (Table 1). The MI group's lung weight/body weight ratio 

insignificantly increased compared to the CTL group, but it decreased after treatment with 5 and 

10 mg kg-1 of Cur-PEG -GQDs (P < 0.05).  

The size of the infarct area in the heart of the MI group was 42%. Curcumin at the dose of 7 

mg kg-1 significantly decreased the infarct area (P < 0.001). However, curcumin at low and high 

doses (3 and 15 mg kg-1) did not significantly affect the size of the infarct area. In contrast to 

PEG -GQDs-5, which did not affect infarct size, PEG-GQDs-10 significantly reduced the infarct 

size (P < 0.001). Cur-PEG -GQDs-5 and Cur-PEG -GQDs-10 also significantly decreased the 

infarct size compared to the MI group (P < 0.001) (Figure 3A, B). The percentage of fibrosis in 

the MI group was 23%. Curcumin was able to reduce fibrosis at 7 mg kg -1  by 11.3% (P < 0.01). 

PEG-GQDs-10, Cur-PEG -GQDs-5, and Cur-PEG -GQDs-10 also significantly decreased the 

fibrosis compared to the MI group (P < 0.05) (Figure 4A, B).   

In sum, these data suggested that curcumin and Cur-PEG -GQDs alleviated cardiac injuries 

and fibrosis that had occurred during MI in rats.    

Effect of treatments on hemodynamic parameters and cardiac index  

SBP (P < 0.001) and DBP (P < 0.05) decreased in the MI group compared to the CTL group. 

Curcumin at the dose of 7 mg kg-1 restored the reduction of SBP and DBP in the MI group. 

However, the low and high doses of curcumin did not significantly affect SBP and DBP changes 

(Figure 5A, B). PEG-GQDs-5 and PEG-GQDs-10 were not able to inhibit the effects of MI on 
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SBP and DBP. However, Cur-PEG-GQDs-5 increased SBP compared with the MI and PEG-

GQDs-5 groups (P < 0.05). PEG-GQDs-10 also increased the SBP (P < 0.01) compared to the 

MI group. No change in HR was observed in any group (Figure 5C). There was a decrease in 

LVSP in the MI group (P < 0.001) . At doses of 7 (P < 0.001)  and 15 mg/kg (P < 0.05), but not 

at dose 3, Curcumin increased LVSP in comparison with the MI group. PEG-GQDs-10, Cur-

PEG-GQDs-5, and Cur-PEG-GQDs-10 significantly restored LVSP to normal levels (P < 0.001). 

Cur-PEG-GQDs-5 also significantly increased LVSP compared to PEG-GQDs-5 (P < 0.001)  

(Figure 6A). LVEDP increased in the MI group (P < 0.05). At doses 3 (P<0.01), 7 (P < 0.05), 

and 15 (P < 0.01), curcumin significantly reduced LVEDP compared with the MI group. PEG-

GQDs-5 and Cur-PEG-GQDs-5 had no impact on LVEDP. However, LVEDP dropped 

significantly in the animals that received PEG-GQDs-10 and Cur-PEG-GQDs-10 (P < 0.001) 

(Figure 6B). 

+ dp/dt max and -dp/dt max were significantly lower in the MI group (P < 0.001). They were 

increased by curcumin at the dose of 7 mg kg-1. The treatment of PEG-GQDs-5 could not 

compensate for the decline of +max dp/dt and -max dp/dt, but Cur-PEG-GQDs-5 significantly 

increased +dp/dt max and -dp/dt max compared to the MI group. PEG-GQDs-10 and Cur-PEG-

GQDs-10 alleviated the impact of MI on the indices mentioned above (P < 0.001)  (Figure 6C, 

D).   

These results showed curcumin, and Cur-PEG-GQDs exerted beneficial effects on hemodynamic 

parameters, cardiac function,  and contractility in hearts of rats with MI. 

Effect of treatments on oxidative stress and liver and kidney function tests 



 

 
Copyright © 2023 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. 

The results showed that curcumin increased MDA levels in the MI group at all doses. MDA levels 

were higher in animals that took curcumin at the dose of 15 mg kg-1 compared to those who took 

the lower doses. When curcumin was loaded on PEG-GQDs, MDA levels significantly decreased 

compared with the curcumin groups (P < 0.01) (Figure 7A). TAC and GPX levels were lower in 

the MI group compared to the CTL group (P < 0.05). Curcumin at all doses decreased GPX, SOD, 

and TAC levels compared to the CTL and MI groups (P < 0.05) (P < 0.001). These effects were 

dose-dependent: At the highest dose, 15 mg kg-1, the effect was more remarkable than at lower 

doses (P < 0.01). PEG-GQDs-10 significantly increased GPX (P < 0.05) and TAC (P < 0.001). 

However, in the rats treated with Cur-PEG-GQDs-5 and -10, SOD, TAC, and GPX decreased 

compared to the CTL and MI groups. Loading Cur on PEG-GQDs-5 and -10 reduced the above-

mentioned antioxidant levels compared to PEG-GQDs-5 (P < 0.05) and PEG-GQDs-10 (P<0.01), 

respectively (Figure 7B-D).  

The GSH levels and ratio of reduced to oxidized glutathione (GSH/GSSG), an indicator of cellular 

toxicity, decreased in the MI group compared to the CTL group (P < 0.001) (Figure 8). In 

addition, the GSSG level increased in the heart with MI.  Cur 7 and 15, PEG-GQDs-5 and -10, and 

Cur-PEG-GQDs-5 and -10 partly restored the GSH level and GSH/GSSG ratio (P < 0.05 to 

0.001). GSSH levels were lower in the Cur 15,  PEG-GQDs-10, and Cur-PEG-GQDs-5 and -10  

groups than in the MI group (P < 0.05 to P < 0.01) (Figure 8).  

ALP increased in groups that received curcumin at 3 and 15 mg kg-1. Cur-7 decreased levels of 

ALT and AST in the heart (P < 0.05). AST levels in the heart also decreased in the Cur-PEG-

GQDs group  (Figure 9). The amount of urea and creatinine was not different among different 

groups (Figure 10). 
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The results indicated that the curcumin loaded on PEG-GQDs mitigated the effects of free 

curcumin on oxidative stress, probably due to its doses which are remarkably lower than free 

curcumin. 

 

Discussion 

The findings of this study showed that curcumin improved left ventricular efficiency in a dose-

dependent manner, indicated by the increase in the ±dp/dt max and LVSP and the decrease in 

LVEDP and myocardial infarct size and fibrosis. Curcumin also restored the reduction of SBP 

and DBP, which had occurred in animals with MI. Curcumin had no positive effects on cardiac 

function at higher doses, probably due to extra oxidative stress production. Although the amount 

of curcumin loaded on PEG-GQDs was much lower than the ineffective low-dose free curcumin, 

it also improved myocardial efficiency, modified blood pressure, and decreased myocardial 

infarct size and fibrosis. This demonstrated the excellent efficiency and performance of the drug 

delivery to the heart by PEG-GQDs.  

In various experimental and clinical studies, the beneficial effects of curcumin on different 

CVDs have been demonstrated.39,5 The oral intake of curcumin at the dose of 150 mg kg-1 per 

day significantly attenuates oxidative stress and improves cardiac dysfunction induced by 

ischemic-reperfusion injuries.39 Another study also suggested that curcumin pretreatment 

protects the heart from deleterious consequences of isoproterenol-induced cardiac damage.29 The 

present study results also indicated that curcumin at 7 mg kg-1 improved cardiac function and 

restored blood pressure in rats with MI. However, it seems the beneficial impacts of curcumin 

are determined by its dose, as positive effects diminished at high doses.   
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The reduction of the levels of GPx, TAC, SOD,  and the ratio of GSH/GSSG highlighted the role 

of oxidative stress in the harmful consequences of myocardial infarction. The antioxidative 

properties of curcumin have been recognized for years. Many studies have shown that some of 

the valuable functions of curcumin are due to the regulation of oxidative stress.5 However, our 

results indicated that curcumin increased MDA, a marker for oxidant production, and decreased 

antioxidant capacity (SOD, GPX, and TAC) in the heart with MI, even in the ineffective low 

dose (3 mg kg-1). The rise in the ratio of GSH/GSSG in the effective dose of curcumin (7 mg kg -

1) probably diminished the deleterious effects of curcumin on oxidative stress by improvement of 

the redox equilibrium.  

The severe disturbance in the oxidant/antioxidant equilibrium, so that the increase in the ratio of 

GSH/GSSH could not compensate for it, could explain the diminished therapeutic impact of Cur-

15, which was significantly higher at the dose of 15 mg kg-1 compared to other doses (3 and 7). 

The level of oxidative stress is probably essential to prevent its harmful effects.  

Many discrepancies have been observed regarding the regulatory effect of curcumin on 

oxidant/antioxidant balance.8,40,41 Besides the antioxidative properties of curcumin, there is 

ample evidence regarding the pro-oxidant effects of curcumin found in our study. Curcumin 

promotes apoptosis by augmentation of ROS production in tumor cells.41 It has also been 

revealed that curcumin increases ROS-related apoptosis in cardiomyocytes.7 Reports indicate 

that orally administrated curcumin acts as a pro-oxidant and does not improve the deleterious 

effects of isoproterenol-induced cardiac ischemia at higher doses.42  

 Although there are some assumptions about curcumin's stimulation of ROS production, the 

exact mechanisms are unknown. It has been suggested that the pro-oxidative or antioxidative 
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properties of curcumin are related to the type of cells, drug administration route, and 

concentration.43  

Due to curcumin's high metabolism and hydrophobic features, its bioavailability is very poor. 

Some solutions to overcome this limitation include loading it on nanoparticles or inserting them 

into liposomes.11,44 In this study, curcumin was loaded on PEG-GQDs, a graphene derivative 

with known biological and medical functions.14 PEG-GQDs have an excellent capacity to carry 

drugs such as doxorubicin.22 As expected, loading curcumin on PEG-GQDs increased its 

bioavailability and efficiency. The findings showed that Cur-PEG-GQDs-5, which is the 

outcome of loading curcumin onto the ineffective dose of PEG-GQDs (5 mg kg-1), attenuated the 

harmful results of MI. The content of curcumin loaded on PEG-GQDs was 0.003 mg of 

curcumin per 1 mg of PEG-GQDs, which is less than the ineffective dose of free curcumin (3  

mg kg-1). There is a probability that nanoparticles increase the accessibility of the heart to 

curcumin. PEG-GQDs-10 has curative effects on cardiac function and normalized left ventricular 

contractility probably due to the antioxidative effects of PEG-GQDs (Figure 7). Similar to PEG-

GQDs-10, Cur-PEG-GQDs-10 recovered cardiac efficiency and reduced the infarcted area size. 

This similarity was, probably due to the maximum positive responses achieved by the dose of 

GOD-PEG-10 on cardiac- injuries. Since contrary to PEG-GQDs-10, Cur-PEG-GQDs-10 

restored the reduction in SBP and DBP, the modification of these parameters can be attributed to 

the curcumin loaded on PEG-GQDs-10. Although DBP was restored partly by GOD-PEG 10 and 

Cur-GOD-PEG 5, its elevation was insignificant. This might be due to GOD-PEG 10 and Cur-

GOD-PEG 5 on peripheral resistance since DBP is mainly affected by vascular resistance, while 

SBP is affected mainly by cardiac output.45 It has been reported curcumin increases vascular 

function by improving nitric oxide bioavailability and reducing oxidative stress.46 
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The inhibition of MDA production by Cur-PEG-GQDs suggested that reducing the dose of 

curcumin by loading it on PEG-GQDs preserves the beneficial effects of curcumin without this 

disadvantage. In addition, PEG-GQDs and Cur-PEG-GQDs alleviated cardiac oxidative stress by 

increasing the ratio of GSH/GSSG  and improving the redox equilibrium. 

Although many studies have demonstrated the safety of curcumin consumption, few studies have 

examined if curcumin has harmful effects.43 Therefore, the liver and kidney toxicity of curcumin, 

PEG-GQDs, and Cur-PEG-GQDs were evaluated in this study. The data indicated that curcumin 

at doses of 3 and 7 g/kg increased alkaline phosphatase levels. This may result from the impact 

of curcumin on osteoblasts or intestines.47 Another study also reported that receiving 0.45 to 3.6 

g/day curcumin for one to four months increased serum alkaline phosphatase and lactate 

dehydrogenase. 48 However, at the effective dose of 7 mg kg-1, curcumin recovered the elevated 

liver enzymes, ALT, and AST to normal values. The elevation of AST and ALT in patients with 

ST-segment elevation myocardial infarction (STEMI) independently predicts all-cause 

mortality.49 However, in the present study, Cur-PEG-GQDs had no detrimental effects on the 

liver and kidneys since ALP, ALT, AST, urea, and creatinine levels were all within normal 

limits. 

Conclusion: The findings indicated that PEG-GQDs have the potential capacity to load and 

deliver curcumin to the heart. Curcumin loaded on PEG-GQDs has the same positive effects on 

cardiac function and contractility as free curcumin, even at lower doses. Therefore, by 

conjugating curcumin with PEG-GQDs, its pharmacological effectiveness and bioavailability 

may be augmented.  
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Fig. 1. The schematic diagram shows the treatment protocol. 
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Fig. 2. Characterization of GQDs, PEG-GQDs, and Cur-PEG-GQDs. A: The FT-IR spectra of 

GQDs, PEG-GQDs, Cur, and Cur-PEG-GQDs. B: The UV-Vis spectra of GQDs, PEG-GQDs, 

Cur, and Cur-PEG-GQDs. TEM image of GQDs (C), PEG-GQD (D), and Cur-PEG-GQD (E). 

Particle size distribution of the as-prepared Cur-PEG-GQDs (F). In vitro release of curcumin 

from Cur-PEG-GQDs in PBS at pH 7.4.  
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Fig. 3. The infarct size decreased after two weeks of treatment with Cur-7, PEG-GQDs-10, Cur-

PEG-GQDs-5, and Cur-PEG-GQDs-10. A: The heart transverse sections in one animal of each 

group with TTC staining. B: Quantification of infarct size. MI: myocardial infarction, Cur: 

Curcumin, PEG-GQDs: polyethylene glycol-graphene quantum dots, Cur-PEG-GQDs: 

Curcumin-graphene quantum dots-polyethylene glycol. # P < 0.05 vs. MI. n =  5 in each group. 
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Fig. 4. The fibrosis decreased after two weeks of treatment with Cur-7, PEG-GQDs-10, Cur-

PEG-GQDs-5, and Cur-PEG-GQDs-10. A: The percent of fibrosis in one animal of each group 

with Masson's trichrome. B: Quantification of fibrosis. MI: myocardial infarction, Cur: 

Curcumin, PEG-GQDs: graphene quantum dots-polyethylene glycol, Cur-PEG-GQDs: 

Curcumin-graphene quantum dots-polyethylene glycol. # P < 0.05 vs. MI. n =  5 in each group. 
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Fig. 5. Effects of two weeks treatment with Cur, PEG-GQDs, Cur-PEG-GQDs, and Cur-PEG-

GQDs at different doses on A: SBP (systolic blood pressure), B: DBP (diastolic blood pressure), 

and C: HR (heart rate). * P < 0.05 vs. CTL; # P < 0.05 vs. MI, and PEG-GQDs-5. n = 7 in each 

group. 
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Fig. 6. Effects of two weeks treatment with Cur, PEG-GQDs and Cur-PEG-GQDs at different 

doses on A: LVSP (left ventricular systolic pressure): B: LVEDP (left ventricular end-diastolic 

pressure). C: +dp/dt max (maximum rate of increase in left ventricular pressure during systole), 

D: -dp/dt max (maximum rate of decrease in left ventricular pressure during diastole).* P < 0.05, 

vs. CTL; # P < 0.05 vs. MI and PEG-GQDs-5. n = 7 in each group. 
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Fig. 7. Effects of two weeks treatment with Cur, PEG-GQDs, and Cur-PEG-GQDs at different 

doses on the heart levels of A: MDA (malondialdehyde), B: GPX (glutathione peroxidase), C: 

SOD (superoxide dismutase), and D: TAC (total antioxidant capacity. * P < 0.05 vs. CTL; # P < 

0.05 vs. MI, Cur-3 and 7, PEG-GQDs-5, and PEG-GQDs 10. n = 7 in each group. 
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Fig. 8.  Effects of two weeks treatment with Cur, PEG-GQDs, and Cur-PEG-GQDs at different 

doses on the heart levels of A: GSH, B: GSSG, C: the ratio of GSH/GSSG. * P < 0.05  vs. CTL; 

# P < 0.05 vs. MI. n = 7 in each group. 
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Fig. 9. Effects of two weeks of treatment with Cur, PEG-GQDs, and Cur-PEG-GQDs at different 

doses on the serum levels of A: ALP (alkaline phosphatase), B: ALT (alanine aminotransferase), 

and C: AST (aspartate aminotransferase). * P < 0.05 vs. CTL; # P < 0.05 vs. MI. n = 7 in each 

group. 
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Fig. 10. Effects of two weeks of treatment with Cur, PEG-GQDs, and Cur-PEG-GQDs at 

different doses on the serum levels of urea (A), and creatinine (B), in the studied groups. n = 7 in 

each group. 
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Table 1. Bodyweight and left ventricular, and lung weight/ body weight ratios in the studied 

groups 

               Variables 

Groups 

BW (GR) HW/BW 

(MG/G)  

LVW/BW 

(MG/G)  

LW/BW 

(MG/G)  

CTL 239 ± 14.70 2.8 ± 0.07 2.2 ± 0.049 5.5 ± 0.19 

MI  242 ± 8.25 2.97 ± 0.06 2.27 ± 0.09 6.18 ± 0.36 

MI+CU 3  232 ± 10 2.83 ± 0.09 2.26 ± 0.11 5.82 ± 0.26 

MI+CU 7  231 ± 7.90 3.05 ± 0.08 2.28 ± 0.07 6.01 ± 0.24 

MI+CU 15  224 ± 9.09 3.03 ± 0.16  2.18 ± 0.15 5.71 ± 0.27 
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LVW : left ventricle + septum weight, BW: bodyweight, LW : lung weight, MI : myocardial 

infarction, Cur : curcumin, PEG-GQDs: polyethylene glycol-graphene quantum dots, Cur- 

PEG-GQDs: Curcumin-polyethylene glycol-graphene quantum dots. Values are Mean ± SEM. # 

P < 0.05 vs. MI group. n = 7 in each group. 

 

 

MI+PEG-GQDS 5 246 ± 7.95 2.76 ± 0.10  2.09 ± 0.06 5.43 ± 0.29 

MI+PEG-GQDS 10 232 ± 7.24 2.92 ± 12 2.08 ± 10 5.64 ± 0.14 

MI+CUR-PEG-GQDS 5 253 ± 4.51  2.79 ± 0.06  2.24 ± 0.07 5.52 ± 0.24# 

MI+CUR-PEG-GQDS 10 232 ± 6.02  2.96 ± 0.11 2.30 ± 0.05 5.30 ± 0.28# 


